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SUMMARY 


The objective of this program has been to develop an internal 
insulation system applicable to hydrogen tanks for reusable space 
vehicles. The insulation concept that was investigated is based 
on using surface tension or capillary forces to position a layer 
of hydrogen vapor in a cellular structure between the liquid hydro- 
gen and the tank wall. 

For a resuable vehicle, the insulation must be capable of surviving 
repeated temperature excursions near the maximum operating temper- 
ature of the tank wall. Insulation systems used with tanks of 
aluminum and high-performance nickel or titanium alloys were eval- 
uated at 350°F and 650°F. 

A materials screening program was conducted to identify promising 
candidates for fabricating the insulation. These candidates were 
then tested and evaluated. Selected material systems were used to 
fabricate test specimens and these specimens were tested to meas- 
ure their performance and ability to survive the simulated .vehicle 
environment. System designs, fabrication methods, and tooling 
concepts were developed. 

The systems that were finally selected used silicone adhesives, 
Kapton film, and fiberglass batting and — for the case of the 350°F 
system — Teflon film. In tests with small specimens, the insulating 
capability of the system was measured to be approximately as ex- 
pected, and its ability to withstand the required environments was 
demonstrated. 
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INTRODUCTION 


The pioneering phases of the United States’ space exploration 
program have been accomplished with remarkable success. But now, 
the advanced and continuing phases of space research and explorat- 
ion present new problems and challenges in designing spacecraft 
and booster systems. Current objectives of the National Aero- 
nautics and Space Administration include developing reusable ve- 
hicles and systems that will provide increased capability for 
manned space research and exploration at moderate cost. 

A major requirement of reusable vehicles is that they be able to 
withstand high temperatures during atmospheric reentry with only 
a minimum of damage that would necessitate extensive repair, re- 
placement, or refurbishment. For vehicles with integral boost 
propellant tanks for liquid hydrogen, these tanks will occupy a 
large portion of the total volume of the vehicle. Therefore, 
providing external thermal insulation to protect these tanks from 
the reentry heating environment will be a major problem because 
of the large surface areas involved. 

The elective of the program described in this report was to de- 
velop an internal insulation system based on a unique gas layer 
concept, which minimises the need for external thermal protection 
of integral liquid hydrogen boost tanks for reusable space vehi- 
cles. The minimization of thermal protection is accomplished by 
designing the insulation with a materials system that will permit 
the tank walls to operate at the maximum temperature at which the 
metal used in constructing the tank .etains useful structural 
properties. For aluminum alloy tank materials, the desired oper- 
ating temperature for the insulation was 350°F. For candidate 
materials with a higher temperature capability, such as titanium 
or high-performance nickel alloys, the design objective was an 
insulation that would withstand repeated operating cycles to 650°F. 

The Insulation systems developed for this application are based 
on the internal capillary insulation concept illustrated in Fig. 
1-1. In this concept, the insulation acts to position a layer 
of gas between the liquid cryogen and the tank wall. 

The insulation consists of a cellular core material covered with 
a face sheet and bonded to the inside surface of the tank. The 
cells each contain a filler material to limit heat transfer by 
convection and radiation. The face sheet is perforated with one 
capillary opening per cell, which permits the movement of gas or 
liquid to equalize pressure differentials. 
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A small amount of liquid Initially enters the cell, vaporizes, 
and increases the pressure in the cell until it equals the pres- 
sure of the liquid. Capillary forces then act to form a stable 
liquid/gas interface at the opening, preventing additional liquid 
from entering the cell. Since the pressure is equalized at this 
interface, the insulation does not support the weight ot the liq- 
uid or gas pressure loads. 

Because there is no significant pressure difference beLvaeu the 
interior of the insulation cell and the adjacent liquid or gas), 
structural requirements are low and high strength is not a ptxLt.y 
consideration in selecting candidate materials, it has, therefore, 
been possible to design insulation systems based on this concept, 
using materials with high temperature capabilities. The inter- 
nal capillary insulation concept and design considerations are 
discussed in Chapter III. 

This insulation system is capable of withstanding severe thermal 
shock, and the parts of the insulation exposed to the liquid have 
a very low thermal mass. Consequently, this insulation makes it 
possible to fill tanks with liquid hydrogen without a prior cool** 
down. Furthermore, boiloff losses during filling are almost neg- 
ligible when compared to losses incurred in filling externally 
insulated tanks. 

The insulation is accessible for inspection and repair from the 
inside and is not subject to damage from external handling and 
exposure. When cold, the insulation is not exposed to air, and 
cannot be degraded by condensation of moisture. 

This program consisted of three major parts. In the first part, 
materials were investigated, tested, and selected for use in insu- 
lation systems to meet the 350°F and the 650°F operating require- 
ments. Second, designs and methods were developed for fabricating 
and installing the insulation. Finally, insulation system speci- 
mens were tested to evaluate their thermal performance character- 
istics and to establish their capability to withstand thermal 
shock and the required pressure and temperature cycling. The 
work performed to accomplish the above tasks is described in Chap- 
ters II, III, and IV. 

Two insulation systems were developed and successfully tested at 
the 350°F and 650°F operating conditions. Performance of the in- 
sulation was characterized by measuring its thermal conductivity 
using liquid hydrogen as the test cryogen. The thermal conductiv- 
ity was found to be near the predicted value, and completely ade- 
quate for the liquid hydrogen boost tank application. 
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Additional work toward developing the capillary internal insula- 
tion concept for other applications has been conducted on the 
following programs. 

1) Contract NAS8-21330, Development of Advanced Materials for 
Integrated Tank Insulation System for the Long-Term Storage 
of Cryogens in Space ; 

2) Contract NAS3-12425, Insulation Systems for Liquid Methane 
Fuel Tanks for Supersonic Cruise Aircraft ; 

3) Martin Marietta Corporation internal venture program to de- 
velop an insulation system for storing and transporting lique<- 
fied natural gas. 

At the present time, the design and fabrication techniques devel- 
oped under this program are being used and extended under Contract 
NAS3-14384, Internal Insulation System development . In this pro- 
gram, a 6-f t-diameter by approximately 7-ft-long aluminum tank is 
being insulated with the 350°F insulation system described in this 
report. A number of photographs showing tooling and insulation 
panels that have been fabricated during the 6-ft tank program 
have been included in this report, and are identified by the above 
contract number. These examples illustrate the application of 
the design and fabrication concepts developed under this program 
(see Chapter III) to the insulation of an actual tank. 
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II. 


EVALUATION AND SELECTION OF MATERIALS 


A major objective o this program was to select materials systems 
for use i.i two potential applications of the capillary internal 
insulation system. These applications centered around the concept 
of minimizing external thermal protection for reusable liquid hydro- 
gen tanks for rhe Space Shuttle- 

In the firrt case, aluminum alloy tanks would be used. The insula- 
tion would be designed to permit the tank walls to reach a tempera- 
ture up to 350°F, which would be the maximum useful temperature 
for the aluminum. Ideally, the insulation system woulc be able to 
withstand repeated exposure to this temperature without being re- 
placed or refurbished. 

For the seccnd case, the tank walls would be made or a titanium 
alloy or Inconel 718- In this case, the goal va* to develop an 
insulation system that would be capable of operation at 650°F. 

During this program, we evaluated several candidate materials for 
various components of the insulation and selected materials systec 3 
that meet these temperature requirements. 

Our proposed capillary internal insulation system is constructed 
of the following components: 

1) Core ribbon; 

2) Facesh at; 

3) Core node bond adhesive; 

4) Core-to-facesheet adhesive; 

5) Core- to- tank wall adhesive; 

6) Convection- inhibiting filler meter ial. 

The following sections describe our program for screening, evaluat- 
ing, and selecting the materials for the insulation system- 
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MATERIALS SCREOXMJ TEST PROGRAM 



Fig. 11-2 Oi fferenttal Scanning 
Calorimeter Specimens 
Open (Left), Sealed 
(Sight) 


la the initial materials screening program, we identified several 
candidate material* for the 35G a F insulation system and the fi>5G°F 
insulation system and determined their basic properties and hydro- 
gen compatibility. Candidate materials for the high-temperature 
system had previously been identified under MASA Contract NAS3- 
1.2425, ZrjsuZati&K Sgas&na for liquid Xetihana Fuel lanks for Super- 
sonic Cruise Aircraft. These materials were further evaluated in 
this program. The foil .'wing subsections describe the test methods 
that were used. 

Thermal Stability 


A differential scanning calorimeter (DSC) analysis in hydrogen gas 
was performed on some candidate materials. Temperatures ranged 
from about 7G*F to approximately 10~20 a F aoove the melting point 
of the material, or, in some cases as high as 93G 0 F, which is the 
upper limit of the machine. Each sample was heated at a rate of 
5°C per minute. This analysis was used to determine whether any 
reactions occurred within the elevated temperature range of inter- 
est. 

Figure II-l shows the equipment used for the DSC tests. Figure 
I 1-2 is a magnified picture of an open and sealed sample container. 
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Hydrogen Compatibility 


Hydrogen thermal cycle tests were performed by placing the candi- 
date materials in a stainless steel retort , pressurizing them with 
hydrogen gas to approximately 5 to 10 psig at room temperature , 
and alternately heating the materials to 350°F or 650°F (depending 
on the application for which the material was being considered) in 
a controlled salt bath and cooling them in ambient air. 

The specimens were removed from the fixture at the end of 200 cycles 
(or as otherwise noted), and evaluated by visual inspection, IR 
spectrography , and measurements of their weight change, dimensional 
change, and tensile and/or shear properties at room temperature. 
Figure II-3 shows the hydrogen thermal cycle test fixture. Figures 
II-4 and II-5 are typical temperature cycles for the 350°F and 650°F 
insulation materials, respectively. 

3. Infrared Spectroscopy 

An infrared double-beam spectrographic analysis was performed on 
transparent core and facesheet materials in the 2 to 15-micron 
range, using the transmission method. Tests were conducted both 
before and after hydrogen thermal cycle tests. A comparison of 
the two spectra was used to measure any chemical reaction during 
the hydrogen soak test. 

4. Tensile Properties 

Tensile strength, modulus, and elongation were measured according 
to Federal Test Standard 406, using Method 1011 for the core mate- 
rial and Method 1013 for the facesheet materials. Tensile proper- 
ties for the selected candidate materials were measured at room 
temperature, -423°F, and 350°F or 650°F, depending on the applica- 
tion. 

Figure 11-6 shows the equipment used for tensile and shear tests 
at the higher temperatures. Figure II-7 shows the tensile and 
shear test equipment for -423°F. Figure II-8 shows typical tensile 
test specimens before and after the test. 

5. Shear Properties 

Adhesive lap shear tests were conducted according to Federal Test 
Standard 175. Lap shear specimens were fabricated with a %-in. 
overlap. For the 350°F system, a piece of Mylar or Kapton was 
bonded between the aluminum tabs. For the 650°F system, a piece 
of Kapton was bonded between the adhesive and titanium or Inconel 
tabs, as shown in Fig. II-9. Specimens were tested (1) at room 
temperature, (2) at -423°F, (3) at room temperature after the 
200-hr hydrogen compatibility cycle test, and (4) at either 350°F 
or 650°F» depending on the application. Figure 11-10 shows a typi- 
cal lap shear test specimen before and after the test. 
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Fig, IT- 3 200-hr Hydrogen Thermal 
Cycle Fixture 
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Fig. II" S Temperature vs Time Profile of SSO a P Insulation Materials 
During Cycle in Hydrogen Soak Test 
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Fig. 11-8 Tensile Test Specimens before and 
after Test at High Temperature 


\ Adhesive 


VALUATION OF FACESHEET AND CORE MATERIAL 


The initial literature survey and our previous experience on re- 
lated insulation programs indicated that the following film and 
core materials should be evaluated. 


Material 
Teflon FEP Film 
Mylar Film 
Kapton Film 
Nomex Paper 
Nylon 6 Film 


Insulation 

Syctem 

Application 


350°F 

350°F 

350/650°F 

350°F 

350°F 


Manufacturer 

DuPont 

DuPont 

DuPont 

DuPont 

Allied Chemical 


The properties determined for the above materials are summarized 
in Table II-l. 

Screening Results 

From the results of the DSC tests, the low- temperature materials 
all appeared to be acceptable up to 350°F. The high-temperature 
material, Kapton, was acceptable up to 650°F. 

The Kapton, Teflon, Nomex, and nylon materials successfully com- 
pleted the 200-hr hydrogen compatibility cycle test at 350°F. The 
mylar, however, was brittle and broke into small pieces during 
handling. Additional testing of Mylar was conducted in air in a 
350°F oven; this Mylar also became brittle. Vendor literature 
indicated that Mylar is susceptible to heat-aging. 

The 650°F insulation material, Kapton, changed color and became 
more brittle as a result of the 200-hr hydrogen compatibility cycle 
test at 650°F. A review of vendor literature also indicated that 
Kapton is susceptible to heat-aging. Data points from the vendor 
literature indicate that the time required to reduce the ultimate 
elongation from 70% to 1% is 1 yr at 660°F in helium, and 8 yr at 
482°F in air. No life expectancy for Kapton at 350°F in air or 
helium is listed beyond the values quoted, although the data shows 
that the life expectancy increases significantly as the temperature 
decreases. 
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Table II -1 Properties of Film and Core Material 



Teflon FEP 

mm 


mm 

■I 

MANUFACTURERS DATA 






Normal Temperature 
Range, °F 

-4Q0 to 392 

-94 to 302 

-322 to 392 

0 to 437 

-100 to 400 

Reduced Properties 
Temperature Range 

-435 to 500 

-423 to 392 

-452 to 752 

To 600 


Melting Point, # F 

500 to 535 

482 

None - Decom- 
poses to a gas 

None - Decom- 
poses to a gas 

390 to 425 

Ultimate Tensile Strength, 
psi 

3,000 

25,000 

25.000 

10,000 

<12,000 

Ultimate Elongation, Z 

300 

125 

70 

15 

400 

Tensile Modulus at 70*F 

70,000 

550,000 

430,000 



Specific Cravity 

2.15 

1.40 

1.42 

0. 8-1 ■ 

1.13 

TEST DATA 






Tempet_ture at Which DSC 
Indicated Material Property 
Change, ®F 

478 

441 

No Change to 
932 

745 

378 

Ultimate Tensile Strength 
at 70°F, psi 

3 , 12 : 

18,800 

26.800 

7,083 

6,800 

Ultimate Elongation at 
7CTF, Z 

320 

40 

18 

2.7 

290 

Tensile Modulus at 70“F, psi 

44,000 

210, uOO 

201,000 

219.000 

101,000 

Ultimate Tensile Strength 
at 350°F, psi 

464 

4,160 


8,000 

2,700 

Ultimate Elongation at 
350°F, Z 

126 

42 


6 

70 

Tensile Modulus at 350*F, psi 

1,822 

18,800 


140,000 

6,300 

Ultimate Tensile Strength 
at 650°F, psi 

N/A 

N/A 

9,360 

N/A 

1 

N/A 

Ultimate Elongation at 650*?, Z 

M/A 

N/A 

42.6 

N/A 

N/A 

Tensile Modulus at 650°F, psi 

M/A 

N/A 

74,000 

N/A 

N/A j 

Ultimate Tensile Strength 
at -423°F, psi 

16,600 

23,000 

45 30 

17,400 

26,000 | 

i 

Ultimate Elongation at -423*F,X 

2.5 to 2.9 

1 

2.3 to 7.0 

0.26 to 0.28 , 

0.15 to 1.15 j 

Tensile Modulus at -423°F, psi 

530,000 

960,000 

660,000 


700 ,000 

Ultimate Tensile Strength 
after H 2 Thermal Cycle, pel 

2,200 

1 

Shattered Into 
Small Pieces 

4,160 

8,760 

12,300 

Ultimate Elongation after 
H 2 Thermal Cycle, X 

276 


4.1 | 

4.2 

i 

20 

i 

Tensile Modulus after H 2 
Thermal Cycle, psi 

Coefficient of Thermal Ex- 
pansion to -323®F 

13,000 

3.9xl0“ 5 in./ 
in.-°F 

_ 5 

0.6x10 in./ | 
in.-*F 1 

103,000 1 

0.85xl0“ 5 in./ 
in.-°F ; 

260,000 

.5 

0.85x10 in./ 
in.-°F 

140,000 

1 

-5 ; 

2.4x10 in./ 
in.-*F [ 
















The ultimate tensile strength, ultimate elongation, and tensile 
modulus of the films and core materials were obtained at 70°F, 
at 350°F for all materials, also at 650°F for Kapton, at 70°F after 
the 200-hr hydrogen compatibility test, and at -423°F. Table II-l 
shows the lowest value of each property obtained from three speci- 
mens. 

A visual observation of the failed specimens, made after obtaining 
the tensile properties at -423°F, showed that — 

1) Kapton had the most permanent elongation. Both halves of the 
specimen were intact when removed from the cryostat test fixture. 

2) Teflon exhibited some elongation, although less than Kapton. 

The Teflon specimen was also removed from the test fixture with 
both halves of the specimen intact. 

3) Nomex exhibited negligible permanent elongation. This specimen 
was also removed from the cryostat test fixture with both halves 
intact. 

4) Mylar exhibited some elongation. However, only one of the speci- 
mens was removed partially intact. On the other two specimens, 
only the aluminum end tabs were recovered because the Mylar had 
shattered. 

5) Nylon exhibited some ultimate elongation. However, none of the 
three test specimens were recovered. Only the aluminum end 
tabs remained. 

An infrared analysis of the Kapton film was performed to compare 
the material received from the vendor with the material that under- 
went the 200-hr hydrogen soak test. Visually, the color of the 
films ranged from yellow to dark brown. The infrared analysis indi- 
cated that the Kapton film contained aromatic anhydrides and aromatic 
amines. The main difference *n ^he spectra of the films was in the 
intensity of the N-H absorption band, which increased greatly from 
the as-received yellow film to the dark brown film that had been 
thermally cycled. 

A similar infrared analysis was performed on the Nylon and Teflon 
film. No detectable difference could be ascertained in the material 
that had undergone the 200-hr hydrogen cycle test. Since Nomex is 
not transparent, the IB analysis was not accomplished. 
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The most significant loads on the core and facesheet material are 
expected to be thermally induced. Therefore, the coefficient of 
thermal expansion (contraction) was measured for these materials 
from 70°F to -323°F. 

Figure 11-11 shows the test equipment used to obtain the coefficient 
of thermal expansion (COTE). Figure 11-12 is a closeup photo of a 
specimen inside the transparent dewar. Note that the differential 
between ambient and the LN 2 condition appears on a photogrid pattern. 
The COTE was calculated directly from these photographs. COTE val- 
ues for each material are shown in Table II-l. 

2. Film Material Selection 

Based on the results of our screening tests, we ranked the candidate 
core and facesheet materials as follows: 

1) Mylar - Unacceptable due to a heat-aging problem at 350°F; 

2) Nylon - Unacceptable at -423°F; 

3) Nomex - This film would probably be acceptable as a core mate- 
rial for the 350°F insulation. It did not have as desirable 

an ultimate elongation at -423°F as Kapton. According to vendor 
literature, the Kapton has a higher modulus of elasticity than 
Nomex although our tests did not seem to confirm this. 

4) Teflon - This film had all the desirable properties for a face- 
sheet material. Its low yield strength at elevated temperatures 
is very desirable for facesheet dimpling (see the discussion 

in Chapter III). The one area where it is less desirable than 
Kapton is its specific gravity: the Teflon facesheet represents 

approximately 7% of the total weight of the insulation system. 
Because of its higher density and low modulus of elasticity. 
Teflon is unacceptable as a core material. Teflon is available 
with etched surfaces, which permits it to be bonded with a va- 
riety of adhesives. 

5) Kapton - This polyimide film was the most desirable of ell the 
films tested for use as a core material. However, because of 
its high yield strength at elevated temperatures, it is more 
difficult to dimple, and less desirable as a facesheeu material. 
In addition, Kapton is somewhat sensitive to notches and has 
little resistance to the propagation of tears. 
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For the 350°F Insulation system, we selected Kapton film as the 
core material and Teflon film as the facesheet material. 

Kapton film was selected for both the facesheet and cere for the 
650°F insulation system. Kapton exhibits all the desirable proper- 
ties for a core material, except high tear resists: 


C. ADHESIVES EVALUATION 


Based on literature surveys and our experience on * *£ programs, 

we selected a total of 21 adhesives for evaluation 3 350°F 

and 650°F insulation systems. Those adhesives are listed in Table 


II-2. 


The purpose of these adhesives evaluation tests was to screen out 
materials with undesirable properties for the insulation system. 
Several different adhesive systems passed these initial screening 
tests but were found unacceptable for actual use during subsequent 
evaluations. 
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Table II- 2 Candidate Adhesives Evaluated 



Insulation System 


Name 

Tyne 

Application 

* : an>:facturer 

Thermadite 17 

Polyir'ide 

Botn 

Whittaker Corp. 

FM-34 

Polyimlde (film) 

650°F 

American Cyanamid 

BR-34 

Polyimide 

650°F 

American Cyanamid 

7344/7119 

2-Part Epoxy 

350°F 

Crest Products 

3170/7133 

2 -Part Modified 
Epoxy 

350°F 

Crest Products 

109-LM-52 

2-Part Epoxy 

350°F 

Leffingwell Chemical 

109-LZ 

2-Part Epoxy 

350°F 

Leffingwel* Chemical 

211A/LZ 

2-Part Epoxy 

350°F 

Leffingwell Chemical 

3M-3558 

2-Part Epoxy 

350°F 

3M 

HT-424 

2-Part Epoxy 
Phenolic 

350°F 

American Cycnamiri 

H-21 

2-Part Epoxy 

350°F 

Epoxy Tech. 

H-61 

2-Part Epoxy 

350°F 

Epoxy Tech. 

H-74 

2-Part Epoxy 

350°F 

Epoxy Tech. 

H-75 

2-Part Epoxy 

350°F 

Epoxy Tech. 

WD-5332 

1-Part Epoxy 

350°F 

American Cyanamid 

Eplbond 8510 

2-Fart Epoxy 

350°F 

Furane Plastics, Inc. 

RT-560 

2-Part Methvl- 
Phenyl Silicone 

Both 

General Electric 

RT-156 

1-Part Silicone 

Both 

General Electric 

RT-583 

2-Part Dimethyl 
Silicone 

350°F 

Dow Corning 

RT-589 

2-Part Dimethyl 
Silicone 

350°F 

Dow Corning 

RT-96-0J2 

2-Part Methyl- 
Phenyl Silicone 

350°F 

Dow Corning 
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Although the exact criteria for selecting adhesives for the three 
applications in the internal insulation system vere not veil known, 
the following characteristics are either obviously required or were 
believed to be desirable . 

1) Compatibility with hydrogen gas at the upper temperature condi- 
tion for long periods; 

2) Compatibility with liquid hydrogen; 

3) High strength at high and cryogenic temperatures ; 

4) Flexibility at high and low temperatures; 

5) Low coefficient of thermal expansion; 

6) Low density; 

7) Low thermal conductivity. 

1. Screening Results 

The results of screening tests on the adhesive materials are sum- 
marized in Table II-3. The shear stress shown is the lowest value 
obtained for three lap shear specimens. The lap shear specimens 
for the 350°F adhesives were made with 2219 aluminum alloy, but 
those for the 650°F adhesives were made with 6A1-4V ANL titanium 
and with Inconel 718. 

Not all screening tests were performed for each adhesive. Some 
adhesives were only briefly considered; others were evaluated exten- 
sively. All adhesives were used in accordance with the manufactur- 
ers 9 recommendations, except where noted in the discussion of a 
particular adhesive. 

In addition to tests reported in Table Il-3 9 we devised a test to 
subject a number of the candidate 350°F adhesives to direct expo- 
sure to liquid hydrogen. Several strips of adhesive, each % in* 
wide and % in. thick, were applied to an aluminum dome (see Fig. 
11-13), and the dome was pressurized to 45 psig ten times, with 
liquid hydrogen in contact with the adhesives. After this, the 
dome was cycled from 350°F to -420°F three additional times. This 
test subjected the adhesives to the maximum expected loads due to 
differential thermal contraction and to the maximum strain lu the 
wall (or dome) material due to Internal pressure. Results of the 
dome strip tests art. summarized in Table II-4. The candidate ad- 
hesives were judged cl ive successfully withstood the test if no 
Jebonding or cracking occurred. 
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Table II- 3 Summary of Properties of Adhesive Materials 



■ 

Hi 

a 

W 

RTV-'iB i 

— 

RTVdt't 

— 

•M.*n\ ’ 

TM-14 

- i'./. 

/ n* 

II >•) 


■ 


— 

in . 

■ 

* r i >■ ■*..( 

«H .. ' 

n • t 

m 

m 

■ 

KAMrrAaiatn 
ptmusMto wa t 

■ 

Hi 

■ 

■ 



|| 




Hi 

HI 

S 


IH 

MB 




B 




•1?' to 


B 

•lO In 
40<> 

mmm 

■ w. i.. 
a*w 

IHI 

MM 

IV) 

•42 » « > 
J >•' 

m 

Hi 

kb 

•S'KI 1 

B 

ill 

L.’" 

; *pM ■ 

i «.n * 

M 

H 

Spadlic Gravity 

BOB 

t .42 

— 


M / 

IjiB 

m 

■ 


1 ,'»2 

■■ 


H 

B ■ 

mm 

Hi 

HHI 




9 


■ 

■ 

■ 


i v> 

V>0 

m 

Mill) 

■ 

i‘hm 

■ 



M 

m 

B 

B 

i 

B 

fl 

B 


■ 

■ 

■ 

B 

■ 

loss al 
■ lin'y 

m 

24»M) at 

ia"*r 

m 

vin A r 

»»« # r 


/a • *1 

i . >*r 

* ' A* 
1 »*>*! 

i »■ 'r 

Bffll 

BIB 

S 

H 


B 

B 




H 

■ 



m 

4;<*> at 

)\*n at 
■ *IO*| 

M'HI at 
J/n*| 



« l'» • 1 

- K-n*r 



II 

II 

B 

B 

H 

B 


■ 

■ 

■ 

■ 

n 


■ 


2'>*n 4l 

*4.’)*1 

.’Vtl at 

•41 1*1 



4‘ ’■ * at 

•4M*1 


Hi 

■ 

B 

fl 

B 

B 

B 

[irrr data 










H H 

IBM 

H 

H H 


HfH 

H H 

H H 

Hi 

HHI 

H H 

H 

mu 

— 

>6 

MB 

20 bO 

1 IV) 

5 

WO* 

■ 

Ison 

1‘i*2 

■ 



■ 

nn 

B 

H 


tfclw 

B 


1 

fMfl 

m 

J) ,k 

li« 

IMS 

m 

n. 

1 !U 

240 

■ 

■ 

■ 

■ 

1 Sh . 

■ 

B 

M 

i i 

h , 

B 

fl 

1 

Ulllaata $h»ar 
Strata at -4i)*r. 

P.l 


l<»s« 

Man 

fl 

■ 

■ 

nn 

■ 

S*HI 

■ 

n la 

rmm 

m 

■ 

fl 

a 

H 

1 

B 

B 

■ 

III t itit • Shaar 
Strata at ftooa raw- 
paratura aftar Hr 

Cyc 1 | ng {200 ey< laa) 
to 1W), pal 

2 jo 

_ J 

2 22 

l*M 

1 


1 V* 


■ 

■ 

■ 

MIA 

■ 

141 

■ 

g 


■ 

B 

1 

l 

■ 

Mtlaat* Ihaar 
Strata at Room Taai- 
paratufa altar Hj 
Cyc lint <200 ryrtaa) 

to I50*r, pal 

■ 

id 

CM 

<.y« laa) 

MO 


I 

■ 

■ 


■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

1 





2QQJQ 




1 




MO 

HI 

HI 

B 

■ 

| 

| 

■ 

B 

B 



i 

■ 


■ 

■ 



■ 

■ 

m 

■ 

■ 

h 

■ 

■ 

■ 

■ 

■j 

fl 

B 

fl 

B 

B 

■ 

100 * IV>*P 


■ 



■ 


■ 

1 


H 


fl 


■ 

B 

B 

fl 

fl 

B 

fl 

■ 

10O - fcV0*P 

■ 

■ 

Ho tr- 
action 

No R* 

action 


■ 

■ 


■ 

^i 

■ 

1 

■ 

■ 

B 

mm 

B 

1 

B 

B 

b 


rr*tlMl wh«n atrip or adKaatva, bonded to altaalnun dtm* f waa sub Barged in liquid hydro§an, 
'flu Hot* in nlualnu* atrip fallad, at) apadnans. 




























































RTV-583 

Dimethyl Silicone 

ECT-589 

Dimethyl Silicone 

3M-3558 

Epoxy 

Epibond 8510 

Epoxy 

H-21 

Epoxy 

H-61 

Epoxy 

H-74 

Epoxy 

H-75 

Epoxy 

109/LZ 

Epoxy 

211/LZ 

Epoxy 

WD5332 

Epoxy 

|RTV-560 

Methyl Phenyl Silicone 

lrenr-96-052 

Methyl Phenyl Silicone 

RTV-156 

One Part Silicone 









3 5Q°F Adhesives Selection 

The Crest 3170/7133 adhesive proved unacceptable a*: 350° in DSC 
tests* Contact with the vendor revealed that one of the constitu- 
ents would melt at approximately 300°F, as our DSC tests had indi- 
cated. The test results for the Crest 7344/7119 were not as favor- 
able as for the Lefkoweld 109/LM-52. However, because of its high 
viscosity, the 1G9/LM-52 was difficult to use for bonding core node 
points and for bonding the core to the facesheet. Thermadite-17 was 
primarily evaluated for use with the 650°F system, but was also 
considered for bonding the core node points for the 350°F system. 

This adhesive was developed as a Kapton-to-Kapton adhesive, and its 
disadvantage is that it requires heat and pressure to cure. 

Based on these results, we initially selected the following adhesives 
for the 330°F insulation system: 

1) Thermadite 17 for bonding the core node points; 

2) Lefkoweld 109/LM-52 for bonding the facesheet to the core and 
the core to the metal. 

These adhesives were incorporated into system tests, as described 
in Appendix A, but were eliminated as a result of these tests. 
Lefkoweld 211 A/LZ was evaluated further and was found to have 
favorable properties, but it was very difficult to use because of 
its very high viscosity. At this point, the silicone family of 
adhesives was investigated. 

Although RTV (room-temperature vulcanizing) silicones are not nor- 
mally considered good structural adhesives, they have the following 
desirable properties for application to the internal insulation: 

1) Elastic behavior to -75°F or -173°F, depending on whether a 
dimethyl or methyl-phenyl type adhesive is used; 

2) Flexibility at room temperature, which allows normal handling 
without damaging cells; 

3) Minimum stress created in cooldown from room temperature to 
-175 c F: 

4) Satisfactory shear strength at cryogenic temperatures; 

5) Satisfactory bonding strength at 350°F; 
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6) Room-temperature curing, which simplifies fabrication and re- 
pair; 

7) Desirable flow and wetting characteristics, resulting in a 
fillet that fills voids and produces leak-free bonds for core/ 
facesheet bonding and core/metal bonding. 

These properties made tn^ silicone adhesives candidates for use 
in the 350° F materials system, and they were evaluated f; L;jr in 
systems tests. Ultimately, they were also evaluated for the 650°F 
materials system, although the polyimide auhesives had initially 
appeared to be superior for that application. In testing the 
silicone adhesives, we used several of the recommended primers. 
These primers all proved satisfactory, and primer selection was 
based on fabrication considerations, as discussed in Chapter III. 

Five different silicone adhesives were initially evaluated for 
use in the 350°F insulation system. The RTV-583 and RTV-589 ad- 
hesives were eliminated in the dome strip tests. RTV-96-052 is 
primarily a potting compound, and was considered less adaptable 
for use as an adhesive than RTV-560 and RTV-156. RTV-560 and 

RTV-156 adhesives were selected for further evaluation in the 
350°F insulation system tests, as described in Chapter IV and 
Appendix A. 

3. Core Node Adhesive Selection (350°F and 650°F) 

Thermadite-17, a polyimide adhesive, ^as initially selected as 
the node adhesive for fabricating the Kapton core. This material 
is compatible with both the 350°F and 650°F operating temperatures. 
A persistent problem was experienced with the core assembly, how- 
ever, due to the rigidity of the polyimide adhesive. The rigid 
bond lines created points of stress concentration in the Kapton 
film, and as a consequence, the core frequently became damaged 
from ordinary handling during subsequent fabrication steps. 
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To overcome this problem, we evaluated silicone adhesives for 
bonding the core nodes. Both RTV-560, the two-part methyl-phenyl 
silicone, and RTV-156, a one-part, self-priming adhesive were 
tried. Of these, the RTV-156 adhesive proved to be an excellent 
choice. This adhesive has a high peel strength and high -temper- 
ature capability, requires no primer, and has the proper con- 
sistency to be stenciled on the Kapton ribbons. In addition, 
the RTV-156/Kapton core bond is very flexible at room tempera- 
ture, which permits normal handling without tearing the core 
ribbons. On the other hand, because it is cured by exposure to 
moisture in the air, it has a relatively short working time. 
Nevertheless, an adequate working time can be achieved by purg- 
ing the stencil box with nitrogen. 

The peel strength of the RTV-156 was measured at room temperature 
in the "T" configuration. This property was found to depend on 
the thickness of the adhesive layer bt-ween the ribbons. At be- 
low 0.005 in., the peel strength was 6 lb/in. or less. At an 
applied thickness of 0*012 to 0.015 in., the peel strength varied 
from 15 to 23 lb/in. The strength increased greatly as the thick- 
ness was increased further. However, 0*015 in. is near the maxi- 
mum thickness that can be used without excessive spreading of 
the node bonds when they are compressed for bonding. 

At -320°F the peel strength of the RTV-156 was equal to or greater 
than that at room temperature. 

Some difficulties were initially experienced in obtaining con- 
sistent results with the RTV-156. These problems and their solu- 
tions are discussed in Chapter III. 

RTV-560 would also be suitable as a core node adhesive, but it 
has a peel strength of only 1.5 to 3 lb/in. It also is more dif- 
ficult to use because a primer is required for bonding it to 
Kapton. As a result, the RTV-156 adhesive was selected for bond- 
ing the core nodes in the 350°F system, and was used in the in- 
sulation system tests described in Chapter IV. (RTV-156 was 
later determined to be acceptable for the 650°F system as well, 
and was evaluated in system tests.) 
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4. 


650°F Adhesives Selection 


Polyimide adhesives have excellent properties at 650°F, The orig- 
inal adhesives selected for the 650°F system were BR-34, for bond- 
ing the facesheet to the core and the core to the tank, and Therma- 
lite-17 for the core node bonds. 

The manufacturer of BR-34 recommends that a coating of this adhe- 
sive , 1 to 2 mils thick and properly cured, be used as a primer. 
Published data were reviewed and several manufacturers and users 
were contacted to determine whether other primers were available 
for this application No promising alternatives were found. 

To evaluate the effectiveness of the BR-34 priming system for use 
with BR-34 adhesive, we fabricated 24 lap shear specimens using 
0.050-in. Inconel 718 and BR-34, with a tab of Kapton film in the 
shear bond (see Fig. II-9). Half of the Inconel 718 tabs were 
primed with a thin coating of BR-34 after being cleaned. The 
primer was cured by air-drying for 30 minutes, oven-drying at 
220°F for 30 minutes, and curing for 45 minutes at 410°F, The 
other tabs were not primed. 

Half of the primed specimens and half of the unprimed specimens 
were then subjected to 75 thermal cycles in a hydrogen environment. 
A temperature of 630°F or higher was reached in at least 38 of 
these cycles. Because of a heater malfunction in the test appa<~ 
ratus, the maximum temperature reached dur: ng the other cycles 
varied between 630°F and 470°F. The temperature decreased to 
230°F or below during each cycle. 

These temperatures were measured near the center of the specimen 
container, which was cycled in and out of a heated salt bath. 
Specimens nearer the wall of the container experienced both higher 
and lower temperature extremes. 

All the specimens were then tensile-tested. The average ultimate 
shear stress for specimens that had not been thermally cycled was 
2498 psi for the primed specimens and 2908 psi for the unprimed 
ones. For specimens tested after thermal cycling, the average 
ultimate shear stress for the primed specimens was 2403 psi, com<- 
pared with 2477 psi for the unprimed specimens. For the wall 
bonding application for the internal insulation system, these 
strengths are far more than adequate. And since the primary bene<- 
fit from priming the surfaces would be to protect the cleaned 
metal surface, this priming procedure would be recommended for 
systems using the BR-34 adhesive. 
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Peel specimens were also fabricated of Kapton bonded to Incon« 1 
718 with BR-34. In specimens that were thermally cycled, as well 
as in those that were not, the Kapton failed with a negligibly 
small force due to the stress concentrations that occurred at the 
edge of the rigid bond. 

The most important disadvantage of the polyimide adhesives proved 
to be the rigidity of the core node bonds. In addition, these 
adhesives are not 100% reactive, but contain solvents, some of 
which were released as the adhesive cured. This resulted in por- 
osity and voids in the bonds, with consequent cell-to-cell leak- 
age. 

Although silicone adhesives were originally considered only for 
the 350°F system, we conducted several tests to evaluate their 
suitability for use at 650°F. 

Lap shear specimens and peel test specimens were fabricated from 
0.050- in. Inconel 718 to evaluate the RTV-560 core-to-metal bond 
at 650°F. These specimens were fabricated by bonding a piece of 
Kapton between Inco. el tabs using RTV-560 adhesive. Peel speci~ 
mens were fabricated by bonding 1-in. -wide strips of 5-mil Kapton 
film to 1-in. by 8-in. Inconel strips. The specimens were pre^ 
pared with two different primers, either GE 4004 or Dow Corning 
DC-1200, to evaluate the effect of primers on the core-to-metal 
bond. 

Six specimens prepared with each primer were subjected to 75 
tnermai cycles 'in a hydrogen environment, with the same condi- 
tions described above for the BR-34 primer. The RTV-560 speci- 
mens changed from red to a very dark brown or black color follow- 
ing the hydrogen cycles. Small samples of this adhesive that had 
been previously exposed to a temperature of 650°F in air for 72 
hr did not exhibit such a change in color. 

After undergoing the thermal cycle tests, the lap shear and peel 
test specimens were tested at room temperature. Specimens that 
had been fabricated at the same time, but not thermally cycled, 
were also tested for comparison. The peel strength was measured 
in the 180°F test configuration. The results of these tests are 
given in Tables II-5 and II-6. Because a minimum of five speci- 
mens were tested for each configuration, only average values are 
reported. 
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The RTV-56G lost from 57 to 69% of its original strength in shear, 
but still retained excellent elastomeric qualities. In peel, the 
loss of strength was only 22 to 30%. We concluded that the adhe- 
sive had retained sufficient strength to meet the requirements 
for the internal insulation system. In subsequent system tests, 
described in Chi^ter IV, the RTV-560 adhesive was proven to be an 
excellent choice for the 65G C F system. 

Although silicone adhesives were chosen for the final series of 
system tests, BR-34 was not determined to be unacceptable. 


Table II-5 Test Results for RTV-S6Q Silicone 
Adhesive/ Kap ton/ Inconel Lap Shear 
Specimens 


Primer 

Average Ultimate Shear Stress, psi 

As Fabricated 
(not thermally 
cycled) 

After 75 
Thermal Cycles 
In Hydrogen 

Dow Corning 1200 

317 

104 

General Electric 



SS-4004 

336 

136 


Table II-6 Test Results for RTV-56Q Silicone 
Adhesive /Kap ton/ Inconel Peel 
Specimens 


Primer 

Average Ultimate Peel Strength, 
lb/in. 

As Fabricated 
(not thermally 
cycled) 

After 75 
Thermal Cycles, 
in Hydrogen 

Dow Corning 1200 

2.7 

2.1 

General Electric 



SS-4004 

2,7 

1.9 


The RTV-156 one-part adhesive used for node bonding was also sub<- 
jected to the high-temperature hydrogen cycle exposure. \fterward, 
the average peel strength from 10 measurements was only 1.1 lb/in. 
Since the primary requirement for high peel strength is to prevent 
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damage during fabrication and handling, this value is acceptable 
after the panels are installed. When used in 650°F system tests, 
no comparable degradation of the RTV-156 bonds occurred. 


FILLER MATERIAL EVALUATION 


The filler material used to pack the core cells can be any suit- 
able material that will control convection. Owe ns -Corning 
PF-105-700 and PF-1U5-450 fiberglass proved very satisfactory as 
filler materials. Since the filler material selected does not 
affect other insulation materials, we did not evaluate other 
filler materials in detail. 

Both opacified and nonopacified fiberglass batting were used in 
fabricating insulation specimens. The opacified batting material 
was made on special order by Owens Corning Fiberglass, using a 
process to blow aluminum powder onto the glass fibers during the 
felting operation. This opacified fiberglass was effective in 
reducing radiant heat transfer and would be desirable for high- 
temperature applications if effective insulation (rather than 
survival) were required at high wall temperatures. 


SELECTED MATERIALS 


The materials that were finally selected for the 350°F and 650°F 
insulation systems are listed in Table II-7. The selected mate- 
rials systems are designated 350-111 and 650-11. Chapter IV dis- 
cusses test results for insulation systems made with these mate- 
rials. 

The material systems that were originally evaluated in the system 
tests are listed in Table II-8, and are designated 350-1, 350-11, 
and 650-1. Test results for these materials are discussed in 
Appendix A. 

The 650-1 materials were evalu^tid with 6A£-4V ANL titanium alloy 
as the tank metal, and the 650-11 materials were evaluated with 
Inconel 718. All three 350°F materials were evaluated with 2219 
aluminum alloy. 
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Table II-7 Selected Insulation Materials 



350-III System 


650-11 System 


Component 

Material 

Manufacturer 

Material 

Manufacturer 

Core Ribbon 

5-mil Kapton film 
(Type H) 

Dupont 

5-mil Kapton Film 
(Type H) 

Dupont 

Facesheet 

2-mil Teflon FEP 
Film (etched both 
sides) 

Dupont 

1-mil Kapton Film 
(Type H) 

Dupont 

Core Node Adhesive 

RTV-156 

General Electric 

RTV-156' 

General Electric 

Core-to-Facesheet 

Adhesive 

RTV-560 with 
0.25% DTD* 

General Electric 

RTV-560 with 
0.25% DTD 

General Electric 

Core-to-Metal 
Adhesive (and 
grout compound) 

RTV-560 with 
0.25% DTD, 5% 
RTV-9811 , and 
1% Cab-O-Sil 

General Electric 
Cabot 

RTV-560 with 
0.25% DTD, 

5% RTV-9811, 
and 1% Cab-O-Sil 

General Electric 

Primer on Core, 
Facesheet, and 
Metal 

DC-1200 

Dow Corning 

DC-1200 

Dow Corning 

Filler Material 

PF- 105-450 
Fiberglass 
Batting 

Owens-Corning 

PF-105-700T 
Opacif iedt 
Fiberglass 
Batting 

Owens-Corning 


*DTD « dimethyl tin dilaurate. 


tOpacified or nonopacified fiberglass would be selected on the basis of system requirements . 
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Table II-Q Candidate Materials Systems Tested 


Component 

350-1 System 

350-11 System 

650-1 System 

Material 

Manufacturer 

Material 

Manufacturer 

Material 

Manufac turer 

Core Ribbon 

5-mil Kapton 

Dupont 

5-mil Kapton 

Dupont 

5-tnil Kapton 

Dupont 


Film (Type H) 


Film (Type H) 


Film (Ty.ie H) 


Facesheet 

2-mil Teflon 

Dupont 

2-mil Teflon 

Dupont 

1-mil Kapton 

Dupont 


FEP Film 


FEP Film 


Film (Type H) 



(e; hed both 


(etched both 





sides) 


sides) 




Core Rode Adhesive 

Thermadite-17 

Whittaker 

Thermadite-17 

Whittaker 

Thermadite-17 

Whittaker 

Co re-to-Face sheer 

Lefkoweld 

Lef f ingwell 

RTV-560 

General Electric 

BR-34 

American Cyanamid 

Adhesive 

109/LM-52 






Core-to-Metal 

Lefkoweld 

Leff ingwell 

RTV-156 

General Electric 

BR-3^ 

American Cyanamid 

Adhesive 

109/LM-52 






Primers on Metal 

None 


None 


Thinned BR-34 

American Cyanamid 

on Core and 

None 


1200 

Dow Corning 

None 


Facesheet 

None 


1200 

Dow Corning 

None 


Filler Material 

PF-105-700T 

Owens-Corning 

PF-105-700T 

Owens-Corning 

PF-105-700T 

Owens-Corning 


Fiberglass 


Fiberglass 


Fiberglass 



(Opacified) 


(Opacified) 


(Opacified) 





The estimated total weight per square foot for the selected in- 
sulation materials systems is given in Tabl II-9. These va?ues 
are based on an insulation thickness of 1 in., and have been es- 
timated using the design, fabrication, and installation concepts 
presented in Chapter III. A cell size of 2.04 in. (height) by 
1.73 in. (average width) was chosen, and the weights shown in the 
table have actually been achieved for prefabricated panels using 
these cell dimensions* A stencilled adhesive pattern correspon- 
ding to the core pattern has been assumed for installation, with 
the adhesive strips h in. wide and 1/16 in. thick. 

The weight of the system will decrease as the cell size is in- 
creased, so the weight estimates presented here are believed to 
be achievable, and probably conservative. 


Table II-3 Estimated Total Weight of Selected Insulation Systems per Square 
Foov (Based on 1 in. Thickness of Insulation) 



J50-III System 

650-11 System 

Component 

Material 

Weight, 
lb /ft 2 

Material " 

Weight, 
lb /ft 2 

Core Ribbon 

0.005-in. Kapton 

0.0595 

0.005-in. Kapton 

0.0595 

Node Bond Adhesive 

F7V-156 

0.0062 

RTV-156 

0.0062 

Fa cesheet 

0.002-in. Teflon 
FEP 

0.0224 

0.001-in. Kapton 

0.u074 

Facesheet-to-core 

Adhesive 

RTV-560 

0.0334 

RTV-560 

0.0334 

Filler 

PF- 105-item 

0.0530 

PF- 105-item 

0.0530 

Primer for Pre- 
fabricated Panels 

DC-1200 

0.0066 

DC-1200 

0.0066 

Primer for Tank 
Wall 

DC- 1200 

0.0030 

DC-1200 

0.0030 

Installation 

Adhesive 

RTV-560 

0.1620 

RTV-560 

0.1620 

Total Weight 

0.3461 


0.3311 
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III. 


DESIGN AND FABRICATION 


A. DESIGN ANALYSIS 


The capillary internal insulation concept relies on the surface 
tension of the cryogen to maintain a gas layer adjacent to the 
tank wall. The basic design concept is illustrated in Fig. III-l. 
The insulation consists of a cellular core attached to the tank 
wall and a perforated facesheet attached to the inner surface of 
the core. The facesheet has one capillary opening per cell. The 
cells can be filled with any suitable material, such as - * lque 
fibrous batting, to control convection aria radiation. v .ii cell 
acts independently. 

A stable liquid/gas interface forms at each capillary open g. 

This prevents the liquid from entering the cell and positions a 
gas layer between the liquid and the tank wall. Because pressure 
io equalized across this interface (except for a very small capil- 
lary pressure difference) the system is essentially free of pres- 
sure-induced structural loading. Consequently, the i sulation 
system can be designed with a lightweight structure and a wide 
range of materials. By incorporating excess facesheet and core 
material to accommodate thermal contraction, t».j> design can be 
made relatively free of thermally-induced stresses. 

1. Capillary and Thermodynamic Considerations 

The stability of the capillary liquid/gas interface is determined 
by the same physical relationships that apply to the liquid/gas 
interface formed when a liquid ii» positioned at the top of an 
inverted cylinder closed at one end (i.e., the familiar soda straw 
experiment). The stability of the capillary interface is deter- 
mined by a critical Bond number (Bo) relationship (a ratio of 
gravity forces to surface tension forces) that establishes the 
maximum size of the capillary hole. For this situation, the limit 
of stability for a perfectly wetting liquid is determined by 

B°-pf-£<3.37. 


III-l 





where: 


Bo = Bond number, dimensionless 

(- * density of liquid (minus density of gas) , lb /ft 3 

a/ 

■- = ratio of acceleration or local gravitational field 
8 c to gravitational constant, lb^/lb^ 

d = dimeter of capillary opening, ft 

a = surface tension, lb^y^ft. 

Thus, capillary hole size is limited by the relationship 


d 

max 




In practice, a much smaller capillary opening can be used with a 
greater stability margin. The lower limit of capillary hole size 
is determined by pressure-equalization considerations . 


For space vehicle applications, three different gravitational 
environments exist: 1 g during fueling, 3 g during the boost 

phase, and zero g during flight. The maximum capillary hole 
diameter for each environment is given below. 


For liquid hydrogen, 
o = 13.05 * lO -5 lb/ft. 


p * 4.43 lb/ft 3 . 


For 1 g, d 

** max 

F ° r 3 *' 

F ° r 0 «• 


(3.37) 32.2 
(4.43) 32.2 

3.37 32.2 
4.43 3(32.2) 

, 3.37 (32.2) 

4.43 0(32.2) 


13.05 x lO-Sp > 
• 13.05 x lO’sj* 5 
-13.05 x 10‘sl^ 


0.00992 ft (0.119 in.) 


0.00575 ft (0.063 in.) 
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For the internal insulation system, a capillary hole size of 0,020 
to 0 0 in. is acceptable and practical for fabrication. 

The above analysis is based on a contact angle of zero for per- 
fectly wetting liquids. The contact angle is the angle formed 
through the liquid at the line of contact between liquid, gas, and 
solid. This angle generally depends on the liquid and solid be- 
ing used. Since a contact angle larger than zero would increase 
stability, the Bond number relationship is valid for establishing 
capillary criteria. 

A static pressure differential across the facesheet can exist as 
a result of surface tension forces. For a circular opening, the 
maximum capillary pressure differential (AP) is 



where Rj and R 2 are the major and minor radii of curvature at any 
point on the static liquid/gas interface, and d is the diameter of 
the capillary opening. For a liquid hydrogen system and a capil- 
lary diameter of 0.035 in., the pressure differential is on the 
order of 0.001 psi. This capillary pressure depends on the shape 
of the interface, and will be a maximum when a hemispherical 
bubble is formed at the opening. 

When a liquid cryogen first contacts the insulation, the gas in 
the cells cools and contracts, tending to lower the cell pressure. 
As a result, some liquid enters the cells and begins to vaporize 
because the temperature within the cells is higher than the boil- 
ing point for the cryogen. The gas that is produced then tends 
to pressurize the cell. As the cell pressure exceeds the local 
pressure in the bulk liquid, gas is discharged from the cell 
through the opening, forming bubbles in the liquid. 

This process of gas entering the cell, vaporizing, and being dis- 
charged from the cell will continue until a srate of thermal and 
pressure equilibrium is reached. If the tank or head pressure is 
increased, this sequence of events will be repeated until a new 
equilibrium is achieved. Similarly, if the tank pressure is de- 
creased, gas will be discharged from the cell until the pressure 
is again equalized. 
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The pressure that can exist across the facesheet depends on the 
rate of change of tank pressure and on the relationship between 
the facesheet hole size (and the consequent flow-loss character- 
istic) and the cell volume. The small differential (capillary) 
pressure that can be supported by the surface tension of the in- 
terface can exist without any flow of liquid or gas through the 
facesheet opening. 

2. Thermal "Stress-Free 11 Design Concept 

Because the insulation system is pressure-equalized, it does not 
support steady-state liquid or pressure loads* Rather, t/iese 
loads are transmitted through the columns of gas in the insula- 
tion cells directly to the tank walls. In effect, factors such 
as rapid pressure changes and changes in the head pressure of 
the liquid due to vehicle acceleration changes and propellant 
sloshing produce the significant loads on the insulation, but 
these loads are relatively minor. Because the structural lcad- 
carr requirements are small, the Insulation system can be 
des -o be lightweight, flexible, aud relatively free of 

the* induced stresses. 

The desi^' approach in minimizing thermal stresses is to build 
in additional material, so that the members do not become loaded 
in tension when thermal contraction occurs. For cellular core, 
this is accomplished by configuring the ribbon that forms the 
cell walls in an S-shape. The actual length % r the ribbon exceeds 
the straight-line distance between the node bonds by a factor 
more than sufficient to compensate for contraction* * 

In practice, the excess ribbon length for each span is approxi- 
mately 5%%. This is several times (a factor of 10 or more for 
Kapton) greater than the contraction of the ribbon in going from 
room temperature to that of the liquid hydrogen, and is near the 
maximum excess length that can be accommodated before cell buck- 
ling occurs* 


Since the segments of the ribbons joined by the node bond are 
common to two adjacent cells, those segments are not free to dis- 
tort to accommodate thermal contraction* Therefore the node bonds 
are kept narrow in order to increase the portion of the ribbon 
that is free to distort into a new path between node points. 
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To compensate for the contraction of the facesheet, it is dimpled. 
Attempts to analyze the distortion of a facesheet bonded to a 
distorted cell ribbon and to determine the minimum dimpling re- 
quired have been inconclusive. Our experience has shown that a 
total dimple depth of 0.075 in. per inch of facesheet span is suf- 
ficient to prevent tears in Teflon. And although the different 
rates of thermal contraction for the core material, adhesive* and 
facesheet result in thermal stresses, these are readily overcome 
by the adhesive. 

Cell Size Considerations 


The primary limitation on cell size is set by the nature of the 
transient pressure changes on the tank and the ability of the 
facesheet to momentarily withstand a pressure load. There is 
also a l imi t to the size of the opening in the facesheet, which 
is based on capillary stability considerations. Therefore, for 
a given rate of pressure change in the tank, assuming the other 
parameters are fixed, the rate of pressure equalization, md con- 
sequently, the maximum differential pressure across the facesheet, 
can be limited by limiting the cell volume. 

In addition, the core material must be able to withstand the com- 
pressive load induced by a differential pressure across the face- 
sheet, as well as other loads that may be imposed. Based on past 
experience, the most severe compressive loads imposed on the core 
will be those incurred during panel fabrication. Current fabri- 
cation methods require the core to be capable of withstanding a 
compressive load of 1 to 2 psi. 

Other considerations affecting cell size are system weight and, 
possibly, cost. Since the total length of the ribbon and the 
number of node bonds per unit area decrease as the cell size in- 
creases, the weight of adhesive would also decrease as the cells 
are made larger. 

The structural properties of the cellular core material used in 
the internal insulation system are quite unlike those for struc- 
tural honeycomb sandwiches. However, the analytical approaches 
used for structural honeycomb were employed to gain an understand- 
ing of the factors involved in minimizing core weight. 
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The flatwise compressive strength of large-cell core is determined 
on the basis of column buckling. In column buckling the property 
of interest is the tensile modulus, rather than the tensile 
strength. If the core between two nodes is considered as a plate, 
the allowable buckling stress is 




However, if the plate is curved, which it is when the core is 
expanded, then 


CR 



where: 

R * radius of curvature, 

¥L = function of Poisson’s ratio, 

C = empirical function determined by test, 
b * length of core between nodes, 

£ = modulus of elasticity, 
t = thickness of core ribbon 

The parameter, then , that should be used to minimize the weight 
of the insulation system for tne core material is the modulus 
of elasticity* 

For a fixed modulus of elasticity and geometrically similar de- 
signs, it would appear that the product of ribbon thickness and 
total ribbon length per unit area is constant for a given com- 
pressive strength* By this argument, weight is not a function of 
cell size if the optimum ribbon thickness is chosen in all cases. 

The more important features of our core design are the S -shaped 
ribbons and narrow bond lines, rather than the optimization of 
structural capabilities* The S-curve provides excess ribbon to 
prevent tension loads due to thermal contraction* Ceils from 1 
to 3 in* in their major dimension have been fabricated using 
0*005-in* Kapton film and have exhibited sufficient compressive 
strength. Exact cell dimensions are set by tank size and geom- 
etry when the nested panel design concept, discussed below, is 
used. 
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B. 


DESIGN AND FABRICATION DEVELOPMENT 


Although the insulation concept is relatively simple, we found 
that considerable attention — both to design and fabrication de- 
tails — was essential to its successful application. Consequently, 
a major part of this program dealt with developing design and 
fabrication methods for insulating an entire large tank even 
though only small panels and domes were used to prove the con- 
cepts . 

These efforts had three basic objectives: to obtain prefabricated 

insulation panels with consistently high quality; to devise tech- 
niques that would enable these prefabricated panels to be installed 
in the field with a minimum of effort; and to develop techniques 
for repairing the insulation in case it were inadvertently dam- 
aged after being installed. 

The insulation specimens that were initially fabricated had a 
rectilinear core with straight Kapton ribbons. The rectilinear 
core was fabricated by applying parallel lines of adhesive to 
the Kapton ribbons at regular intervals and bonding the ribbons 
together, either in a flat pattern or in expanded form. Core 
bonding in a flat pattern was more efficient, but this required 
selecting an adhesive with the proper viscosity and using a 
resonable bond pressure to prevent the bond line from spreading. 

With the polyimide adhesives (which required high bond pressures) , 
it was necessary to bond the core in expanded form, as shown in 
Fig, III-2, With the silicone adhesives, the core was first 
bonded in a flat pattern (see Fig, III-3) and then expanded on a 
rake. 


Before bonding the facesheet to the core, the core was first ex- 
panded on a contoured rake (whose shape corresponded to the in- 
stalled curvature of the insulation) to produce the proper cell 
shape. In this way, the core would retain its expanded shape 
after the facesheet was bonded to it. 
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Bonding Force 



Fig. III-2 Core Bonding in Expanded Form 



(a) Plan View of Unexpanded Honeycomb 


i Cell 
^"Height: 



(b) Plan View of Expanded Honeycomb 


Fig. III-3 Plan Vieus of Honeycomb before and after Expansion 
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Problems were encountered in forming the rectilinear core with 
straight ribbons to a compound curvature (i.e. , for dome cycle 
test specimens). In one approach to this problem,, we fabri- 
cated the rectilinear core with a built-in compound curvature 
using precut Kapton ribbons to conform to tne shape of the dome 
when the core was expanded , and then bonded the ribbons in ex- 
panded form. Figure HI-4 shows the templates used to cut the 
core ribbons prior to bonding, and Fig, I II -5 shows a dome ■in- 
sulation specimen fabricated using this method. Although this 
technique was satisfactory for f ideating dome test specimens, 
it would not be practical for insulating a concentric tank. 



The basic rectilinear core with straight ribbons was acceptable 
for insulating barrel sections of cylindrical tanks, provided 
that the installed curvature was not too great. Although an 
exact curvature limit has not yet been established, we have found 
that this core design can be used whenever the ratio of tank 
diameter to insulation thickness exceeds 60. For insulating 
cylindrical sections with smaller ratios, the rectilinear core 
can be formed with curved ribbons, as shown in Fig. III-6.* 

The following paragraphs discuss a similar solution for insulat- 
ing sections with high compound curvature. 



Fig. III-6 Flat-Pattern Fabrication of Rectilinear 
Core for a Small Cylindrical Tank 

Panel Joi,nt Development - The original concept considered for 
joining insulation panels during installation was a splicing 
operation that involved cutting the panels to the desired size 
and shape, installing them on the tank wall, and completing par- 
tial cells between the panels* This required bonding additional 
core ribbons (or splicing adjacent ribbons) , installing filler 
material, and bonding, dimpling, and perforating the facesheet. 
Although only small splices were made using this concept, it was 
judged impractical for large-scale production. 


It is interesting to note that, when the insulation is expanded 
to follow a cylindrical contour, the ribbons follow an essentially 
straight path, parallel to the axis of the cylinder. The curva- 
ture of the ribbons in the flat pattern provides for the same 
expansion ratio (excess ribbon length factor) at the wall and 
facesheet sides of the core. 
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In examining alternative design concepts, we conducted further 
studies to improve a nested joint approach that had previously 
been developed for joining the insulation panels. In this basic 
concept, the panels are designed to nest together on all sides 
when installed, forming a narrow, serpentine gap between the 
panels. This gap is then filled using a grouting compound with 
a relatively low thermal conductivity.* A typical grout joint 
is shown in Fig. III-7. 



T 

h 

I 

i 


Tank 

Axis 

(Ribbon Direction) 


Fig . III-7 Vested Grout Joint Concept 


Despite the fact that the grout has a thermal conductivity 
several times higher than that of the insulation panel, the 
total cross section of the grout is on the order of 1% of the 
total area. Thus, there is no significant degradation in the 
performance of the overall system. 
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The curved grout joint can accommodate thermal contraction by 
changing shape, and consequently does not develop severe stresses. 
Using the grout joint method, the insulation panels must be 
designed to the shape and size of the particular tank to be in- 
sulated, but reasonable tolerances can be provided by using a 
thicker section of grout material. Each core panel is designed 
with an odd number of ribbons and an even number of core node 
bond lines* This results in panels whose length and width cor- 
respond to an odd number of ,t half M cells. In this context, a 
r half" cell refers to the total width of the panel in terms of 
the width of each cell, and not to incomplete or open cells* 

Ir other words, the panel's dimensions are equal to 


w 

h 


(n + w 


cell* 


(n + y h cell* 


where 


n = number of cells In width or length of panel, 
w = panel width. 


w , , * cell width, 
cell 


h ® panel height. 


h cell = cel - iel8ht - 


Panel Design for Curved Domes - A special core design was de- 
veloped to enable us to insulate an axisymmetric curved dome 
using the nested-grout-joint approach. For this application, the 
panels are designed in ring segments that are Installed in con- 
centric rings about the axis of the tank (Fig. III-8) . All core 
ribbons radiate from the center of the dome. The number of ribbons 
doubles at discrete points as the distance from the centerline 
Increases, thus increasing the nrmber of cells and keeping cell 
dimensions within a fixed range. 

The panels are designed with curved core ribbons to conform to 
the contour of the tank. Each panel nests with its neighbor on 
all sides, and the joints are grouted in the same manner described 
above (see Fig. III-9) . 
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Pig* 111-9 Four Hasted Joint Panels 
Arranged to Worm Complete 
R'ng 

For this application, the core is fabricated in a flat p y ttern 
with curved ribbons, and expanded to a compound curvature before 
the faeesheefc is bonded to it* The same approach is used to fab- 
ricate insulation for the transition between dome and barrel 
sections* In general, the core bond lines are perpendicular to 
the tank vail, but they may be tilted slightly to negotiate areas 
of high curvature, such as the dome/barrel transition in small 
tanks* 

This method was used successfully in fabricating the alurlnum 
and Inconel domes used in the dome cycle t^sts (see Chapter 1?}* 
The aluminum dome was insulated with two semicircular panels* 

The Inconel dome was insulated using four pie-shaped panels. 
(Previous test domes had been insulated with rectilinear core 
using curved ribbons.) 

In designing insulation panels for a tank, with an axi symmetric 

n 

dome, the number of panels is selected as 2 and the number of 

.|1 : : 

ribbons in each panel is selected .a 2 + 1* This allows the 



number of ring segment pane’s and ribbons to be reduced by one- 
half toward the center of the done of a concentric tank, or 
doubled several times as their distance from the centerline in- 
creases, to keep the panels and cell size within a convenient 
size range.* 

f method of designing the core ribbons to fit the curvature of 
tut dome when the panel was expanded was based on the principles 
of descriptive geometry, but involved some trial and error. A 
more efficient and accurate method would be to use computer tech- 
niques and plotting, both to size and lay out the panels and to 
generate detailed vjnel designs. Such a computer-developed de- 
s*,n was previously demonstrated for flat-bottomed tanks. 

The nested grout joint concept and the radiating core design 
used for dome insulation were originated under a Corporation- 
funded commercial venture project. These concepts were further 
developed and refined on this contract effort. Details of fabri- 
cation methods and tooling concepts are discussed in Section C 
and Appendix B . 

Under Contract HAS3-14384, Internal Insulation System Develop- 
ment , they have been extended to the design and fabrication of 
panels to insulate the entire inside surface of a 6-ft-diameter 
aluminum tank. Under that same contract, tooling and insulation 
panels were fabricated for tank barrel sections, domes, and the 
transition section between the barrel and dome. Although some 
improvements have been made during this tank demonstration ef- 
fort, the basic design and fabrication concepts have proved 
successful. 

In laying out the insulation for the 6-ft-diameter tank to be 
insulated under Contract NAS3-14384, we determined an optimum 
cell configuration for the cylindrical insulation paaels. This 
optimum cell has a height (between bond lines) of 2.04 in. and an 
average width of 1.73 in. The bond line is 0.1875 in. wide and 
the pitch of the unexpanded bondline is 2.875 in. 

These dimensions were chosen to provide an acceptable cell shape 
and to provide for eight panels, each 16 cells wide, extending 
around the circumference of the tank. On a larger tank (e.g., 
for the Space Shuttle, the cell size could be further optimized 
tc minimize the number of core ribbons. 


Actually, the number of ribbons remains 2 n + 1, where n decreases 
by 1 as ribbons are discontinued to increase cell size. This de- 
sign is illustrated in Fig. III-8. 
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c. 


FABRICATION TECHNIQUES 


Techniques for fabricating the internal insulation were evaluated 
using various material systems. These techniques are discussed 
in the following sections. A detailed process specification for 
fabrication is contained in Appendix 

Silicone adhesives were selected for the 350 and 650°F systems 
after considerable materials testing and fabrication experience. 
However, certain peculiarities were discovered in using silicone 
adhesives for this application. These are discussed at the end 
of this section under "Bonding Techniques." 

1. Core Fabrication 


Core design and fabrication methods for insulating a concentric 
tank were discussed in Section B. Before these concepts were 
developed, a number ot techniques were used in fabricating test 
specimens to evaluate the effect of various materials systems. 

The rectilinear core for the insulation test specimens was ini- 
tially fabricated using Thermadite-17 as the core node adhesive. 
Due to the low viscosity and high bonding pressure required for 
this polyimide adhesive, the core was bonded in expanded form 
to prevent the bond lines from spreading. The adhesive was 
brushed onto 1-in. -wide Kapton strips at the desired spacing, 
and the strips were bonded in the three-dimensional frame shown 
in Fig. III-10. After the adhesive was cured, the core was ex- 
panded on a rake. 

By using the RTV-156 silicone adhesive instead of the polyimide 
adhesive for core node bonding, it was possible to assemble the 
core ribbons in a flat pattern since high bonding pressures were 
not required. This provided precise control of bond line spac- 
ing and resulted in high fabrication efficiency. 

For bonding the core with RTV-156 adhesive, the Kapton strips were 
soaked in water for a minimum of 12 hr and wiped dry within 30 
minutes of applying the adhesive. 
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.Fig* IXI-IQ- Stacking Tool f or 
Bonding Care in 
£xr?md&d Fom 

The adhesive was applied using a simple stencil made from 20-mxl 
acrylic and a scraper blade* The stencil was ins tailed in a 
printing f ixt tire (Fig * 1 1 1-1 1) that was equipped with a cover 
and a a i t rogen purge .system to extend the working time of the 
ETV-560 adhesive* To purge the printing fixture, nitrogen gas 
was fed through a tube attached to the Inside of the printing 
frame* Small holes in the tube served as purge nozzles, mini- 
mizing the amount of moist air reaching the adhesive* This 
enabled us to work the adhesive for a minimum of 30 minutes* 


The has e of the pr int lag frame was equi pp ed with a punch to fact 1 
itate registration of the bond lines* After the ribbon was posi- 
tioned in the frame, two 1/8-in* registration holes, spaced at 
exactly half the pitch of the bond line, were punched in each 
ribbon* Correct bond line registration was achieved by using a 
guide post to align alternate holes when stacking the ribbons* 

The stacking frame used to fabricate the rectilinear core is 
shown in Fig* 111-12* 
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Fig. Ill- 11 Core Printing Fixture Fig . 111-12 Core Stacking Fixture 

for Flat-Pattern Bonding 

The ribbons were s tacked against a rigid guide rail and forced 
into alignment by a flexible pad attached to a moveable frame. 

This provided close alignment of the ribbons on the facesheet 
side even when the width of the ribbons varied within permissible 
tolerances. A padded pressure bar was then placed on the com- 
pleted stack to apply light bonding pressure. 

The core assembly was cured in a humidity room for a minimum of 
72 hr and postcured at 450°F for 4 hr. Section 8 discusses the 
development of bonding techniques and cure cycles for the RTV-156 
core node adhesive. Figure 111-13 shows a sample rectilinear core 
fabricated using this method. 

The fabrication of dome insulation specimens (radiating core de- 
sign) followed essentially the same procedure. Core ribbons were 
bonded in a flat pattern, trimmed to the proper outline, and ex- 
panded on a contoured assembly tool before bonding the facesheet. 

This fabrication method could probably be adapted to mass pro- 
duction by using die-cut Rap ton ribbons. However, this type of 
manufacturing decision would have to be evaluated at a later date. 
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The assembly tool functioned both as a core expansion rake and a 
vacuum box for bonding and dimpling the facesheet. The assembly 
tool used to fabricate the cylindrical panels under Contract 
M&S3-14384 is shown in Fig. 111-14. The tool for the aluminum 
dome panel is shown in Fig. 111-15. 


Fig. I 11-14 Assembly fool for Cylindrical 
Panel with Core in Place 
(Contract MASS- 24384) 


To bond the facesheet to the core, a uniform 1/16 -in. layer of 
adhesive was first spread on a rubber or polyethylene transfer 
sheet and this sheet was assembled to the lid of the vacuum box. 
Next, the expanded core (intailed in the assembly tool) was in- 
verted, and this was also assembled to the lid of the vacuum box. 

A slight vacuum was then used to draw the core against the coated 
transfer sheet. After approximately 3 minutes, the vacuum was 
released and the core was allowed to drip for 6 to 10 minutes. 
Originally, the core was blotted on a polyethelyene sheet to 
remove excess adhesive. However, this was unnecessary if suf- 
ficient time was allowed for the excess adhesive to drip off. 

After the vacuum box/core assembly was removed from the lid, it 
was set aside in the inverted position. The adhesive transfer 
sheet was then removed and the facesheet was installed in its 
place. The vacuum box/core assembly was then reassembled to 
the lid and the facesheet was drawn against the core with vacuum 
(approximately 0.5 psid) for a minimum of 12 hr to cure the ad- 
hesive. This method ensure^ intimate contact between the face- 
sheet and the core ribbons, which is essential to achieve con- 
sistently good bonding. 

In fabricating some test soecimens, we used a dead weight, rather 
than vacuum pressure to boiu th' facesheet. 

3* Facesheet Dimpling 

a. Teflon - The Teflon facesheet for the 350° F insulation sys- 
tem was intially dimpled by using vacuum to stress the material 
and then using a heat gun to apply a blast of controlled- temper- 
ature hot air to the material. Although this method produced 
fairly consistent results, it had two major limitations: the 

success was somewhat dependent on the skill of the operator, and 
the temperature was not constant throughout the cross section of 
the airstream. 

He conducted several experiments to Improve the quality of the 
dimpling operation and to minimize the Influence of operator 
skill. As before, the insulation panel (with the core bonded to 
the facesheet) was installed in a vacuum box and a vacuum was 
applied to stress the facesheet. Next, an electric heater blanket 
was positioned over the facesheet and light pressure was applied to 
ensure contact with the facesheet. Finally, the temperature of 
the heater blanket was raised to 430° F and held for 1 to 2 minutes 
at a vacuum of 1.25 psid. 
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The heater blanket method provided consistent dimples of adequate 
depth* However, at 350°F the dimples almost completely disappeared 
due to shrinkage (apparently, the Teflon did not reach a suffi- 
ciently high temperature to eliminate the "memory" of the film) . 

We found that we were unable to achieve the higher temperature 
required for permanent dimples using the heater blanket without 
creating hot spots that melted the film. Radiant heating was 
also unsatisfactory because of the high heat transmissivity of 
the Teflon. 

Satisfactory dimples were finally achieved by returning to the 
hot-air blast method. Although this method has certain drawbacks 
(particularly the wide temperature variation across the airstream) , 
adequate heat-set dimples were obtained using a hand-held electric 
heat gun. 

In attempting to improve this method, we found that by reducing 
the differential pressure across the facesheet to 0.36 psi or 
less, dimples would only form at higher facesheet temperatures. 

This discovery was significant since using a higher dimpling tem- 
perature, the dimples were not affected by being exposed to air 
at 350° F. After considerable practice, the operators were able 
to produce satisfactory dimples with only an occasional melt- 
through. The precise film temperature required for dimpling has 
not been determined because of the difficulty in measuring the 
actual temperature of the Teflon. 

To obtain consistently satisfactory results, we decided to fab- 
ricate an improved dimpling fixture (Fig. III-16 and III-17) . 

This fixture consisted of a 10-kw heater that discharges a narrow 
stream of hot air approximately 36 in. long. The heater was 
mounted on a swing arm assembly that could be moved across the 
insulation panel at a constant distance from the facesheet. Since 
the Teflon film has occasional weak spots, some melt-through still 
occurred in using this fixture even though no regular pattern of 
hot spots could be detected. Repairing the damaged cells was 
straightforward and was considered an acceptable inconvenience. 

b. Kapton - Dimpling the Kapton facesheet for the 650°F insula- 
tion system was initially a problem because the 5-mil Kapton core 
buckled under a pressure of 3 psi without dimpling. Various methods 
of dimpling the Kapton facesheet were investigated. We first at- 
tempted to dimple the facesheet on a nominal 2-in. cell of Kapton 
core by freezing water to support the core, but these attempts 
pr .’*4 nnsuccessful. We then decided to try using a predlmpled 
fat sheet. 
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Fig, III- 2? Insulation Panel in Dimpling Fixture 
(Contract NAS3-14S84) 
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A metal plate was machined to the pattern of the core and attached 
to a vacuum box (see Fig. III-17). The Kapton facesheet was then 
predimpled on this tool in an autoclave at 500°?, using a dif- 
ferential pressure of 20 psi across the facesheet. This method 
was used in fabricating a number of test specimens. 

Further experiments were conducted in an attempt to dimple the 
Kapton facesheet after bonding it to the core. The differential 
pressure across the Kapton film was increased by installing stif- 
feners in the core. These stiffeners were strips of thin shim 
stock (0.002-in. stainless) cut to the proper length to closely 
follow the cell wall when installed in pairs. This method al- 
lowed the pressure differential across the facesheet to be in- 
creased without collapsing the core. However, without increasing 
the dimpling temperature, no significant improvement was achieved. 

A propane-fired heater was fabricated to achieve higher dimpling 
temperatures. Satisfactory dimples were obtained without having 
to increase the pressure differential above that which the core 
will support (approximately 1 to 2 psid) . 

Equally good dimpling results were obtained by modifying a stand- 
ard electric heater gun to achieve a higher airstream temperature. 
An airstream temperature of 1000° F or more is required for dimpl- 
ing the Kapton using this method. And although operator skill 
is required to prevent scorching, consistently good dimples can 
be obtained without damaging the Kapton facesheet. 

4. Facesheet Perforating and Trimmin g 

After the facesheet was dimpled, the excess facesheet material 
around the perimeter of the panels was trimmed close to the core, 
removing approximately half of the outside bond line. This manual 
operation required considerable care and patience. For mass pro- 
duction, a mechanized means for trimming the panels will be essen- 
tial. 

The facesheet was then perforated (one opening per cell) using a 
soldering iron with a 0.035-in. -diameter needle. 

When the needle is heated sufficiently, the holes are partially 
melted through thus eliminating tears in the facesheet. By care- 
fully controlling the temperature of the needle, and after some 
practice, satisfactory holes can be produced with a hand-held 
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soldering iron. However, if the iron is attached to a sliding 
mechanism, the temperature of the needle can be increased well 
above the melting point of the facesheet without producing elon- 
gated holes. 


Figure III-TS shows a trimmed panel being perforated using this 
method. The perforating process is the same (except for the tem- 
perature required) for both Teflon and Kapton facesheets, and the 
perforating can be accomplished before or after the panels are 
trimmed. 


Fig. 111-18 Trimmed Panel during Perforation { Contract MSS-14S84) 


5. Installation of Filler Material: 


Several methods were evaluated for Installing the fiberglass filler 
material in the insulation cells. We briefly considered grinding 
the filler material for bulk installation, but discarded this 
method because the ground material was too dense to be used in 
an insulation system with a reasonably low weight. 


The most satisfactory method of installing the 'i Her consisted 
of die-cutting plugs of 1/2-in .-thick FF 105 fiberglass batting to 
the desired shape (see Fig. 111-19 and 111-20) . The filler plugs 
were cut IX to 5% larger than the cells in length and width to : | 
provide excess material for compaction. Two 1/2-in. -thick plugs 
were used for each cell (for 1-in. -thick insulation). The filler 
material was then compacted to a uniform depth (1/32 to 1/16 in.) 
below the edge of the core ribbon. After installing the filler 
plugs, primer was sprayed on the tank wall side of the core to 
prime the core for installation and retain the filler material 
during handling. 


For the polyimide adhesive specimens (650-1 system) , the filler 
material was sprayed with Thermadite 1? . 


6. Panel Installation 


Mo complete tank was insulated as part of this program. However, 
the basic installation techniques that were developed are feasible: 
and can be used in large-scale production. The following para- 
graphs describe our proposed method of ins tailing th e panels on 
a tank using silicone adhesives. 


Panel installation requires the following stepsi 


1) Laying out the tank for proper positioning of the panels; 


2) Cleaning and priming the interior of the tank; 


3) Applying the adhesive; 


4) Installing the panels in the proper location; 


5) Holding the panels firmly against the tank wall until the 
adhesive is cured; 


6) Filling joints between the panels with grout compound. 
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To minimize the weight of the insulation system and to optimize 
its thermal performance, the adhesive should be applied only to 
the extent needed to bond the insulation to the tank wall and 
prevent leakage between adjacent cells. One effective way to do 
this is to apply the adhesive with a stencil. This method is 
also more practical than dipping the core into the adhesive, 
because when the panels are filled with fiberglass batting, the 
loose fibers tend to contact the adhesive and pull parts of the 
filler out of the insulation. Furthermore, because of slight 
irregularities the wall surface and the insulation, it is 
doubtful whether sufficient adhesive would be applied merely by 
dipping the core into the adhesive to prevent le.°ks between 
adjacent cells. 

The stencils used to apply adhesive to the test specimens were 
made by bonding individual masks of 0.050-in. laminated flexible 
plastic to a 16~*me?h polypropylene screen. The masks were cut 
to conform to the ; eneral shape of the core cells and were suf- 
ficiently undersized to produce fixed-width adhesive lines that 
followed the pattern of the core ribbons. The combined thick- 
ness of the mask and the screen controlled the thickness of the 
adhesive to approximately 1/16 in. Our experience with the test 
specimens demonstrated that a 1/16-in. layer of adhesive was 
sufficient to prevent cell leakage. The following paragraph de- 
scribes our method for installing the insulation panels on the 
test specimens. This same method would be used in actual tank 
installation. 

The stencil is positioned on the tank wall with the mask side 
nearest the wall, and the adhesive is applied using a rubber 
spreader. After applying the adhesive, the stencil is removed 
carefully to avoid smearing the adhesive. The core is then 
applied to the wall using adequate guide tooling to accurately 
position the panels so that they register with the applied ad- 
hesive# The guide tool and the stencil both use common index 
marks or locating buttons that may be temporarily or permanently 
bonded to the tank wall. 

The core node points must be properly positioned while bonding the 
facesheet to provide close registration with the stenciled ad- 
hesive* Our approach was to design the panel assembly tool with 
spacer blades that extend between pairs of node bonds. Figure 
III-21 shows this concept being applied to fabricate panels for 
the 6-ft tank insulated under NAS3-14384. 


HI-29 




Kg. 111-21 Ass&doly Tool for Cylindrical Panel Showing Corn 
Bode Spacers (Contract HASS-14S84) 


Using tbj.,s tooling method, the adhesive could be applied to the 
wall in as small a width as desired. Although we did not determine 
the ainiausi width of adhesive that was acceptable, our experience 
to date indicates that this width can be reduced to 1/4 in. or less 
for & 2x2-tn. cell when product ion tooling is ■ used . 

The stencil application method was evaluated with the circular 
calorimeter and two of the aluminum dome specimens. The stencil 
and insulation panel for the calorimeter are shown in Fig. III-22. 
The panel is shown registered with the stencil *n Fig, It 1-23. 
Figure 111-24 shows the * tV-'isteter plate after u.,ing the stencil 
to apply the adhesive. 
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Fig, III-23 Insulation Panel 
Registered with 

Stencil 
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wall with a notched rubber spatula. To permit the installation 
of panels on vertical and overhead walls, the viscosity of the 
adhesive can be increased by adding fumed silica (Cab-O-Sil, 

Grade M5), We "found that adding approximately i Z of Cab-O-Sii 
gave RTV-56Q adhesive enough viscosity for installing insulation 
panels on metal test articles. However, the proper amount to be 
used for actual tank installation will have to be determined by 
experience. 

Several candidate grout formulations, all based on RTV-56G sili- 
cone adhesives , were examined , Compounds consisting of RTV-56G 
with 5 to 101 RTV-9S11 curing agent.. and IX to 2X Cab-O-Sil were 
found to be satisfactory for vertical joints, A grout formulation 
using 10 a RTV-9811 and 2% Cab-O-Sil was used successfully in fab- 
ricating the thermal shock and dome specimens.,. 


A Seaco pneumatic applicator gun with a thin modified nozzle was 
used to apply the grout compound. (This application technique 
bad been previously verified as feasible for commercial applica- 
tions, using a compound of Crest 7343/7139 and prime milled cork, ) 


Fij^ra 111-15 shows a completed thermal shock specimen used to 
evaluate the nested grout joint. 
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Fig . Ill -25 Thermal Shook Specimen Used to Evaluate Nested Grout 

Joint 


To prevent leakage between cells* there aus> good contact be- 
tween the insulation panels and the tank wall, and a minimum of 
bridging. This requires that an adequate, uniform bonding pres 
sure be applied over the entire panel. This has been achieved 
satisfactorily by using a vacuum-bag technique, in which a pres 
sure of 0,25 to 0.5 psid is applied to the panels to force them 
into conformance with the contour of the tank. Pressure pads 
can be used if the force is adequately distributed. The use of 
bags filled with lead shot to provide dead weight on the panels 
as they are being bonded to the metal test item has not proven 
totally satisfactory, and is not recommended . 
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We investigated several methods for cleaning the various tank wall 
materials. As a result of tests using both chemical and mechanical 
processes, the following procedure was selected for cleaning the 
tank wall. 

1) Hand clean to remove paint, grease, and other obvious con- 
taminants. 

2) Vapor degrease with trichlorethylene. 

3) Blast with new dry grit abrasive. 

4) Blow off dust with clean dry air or nitrogen. 

5) Verify cleanliness with water break or water drop spread test. 

The size and type of grit are not believed critical. Aluminum 
oxide and silica, in grit sizes from 30 to 60, appear to give 
equally good results. 

The air or nitrogen must be verified to be free of contaminants. 
This is accomplished by using chemically cleaned aluminum test 
plates. One of the plates is exposed to the airstream for 1 
minute while the other, identically prepared plate is not ex- 
posed. The water-drop spread characteristics of the two are then 
compared, and no difference should be noted. 

The above process is recommended for cleaning aluminum alloys and 
Inconel 718, and has been satisfactorily used with several test 
articles. In addition, it appears applicable for cleaning large 
tanks. 

Chemical cleaning methods were also evaluated, but these did not 
significantly improve the quality of bonds to the aluminum alloys. 
For Inconel 718, we tried using a standard chemical cleaning pro- 
cedure for stainless steel, which included degreasing, alkaline 
cleaning, nitric-hydrofluoric acid pickling, passivating, and 
deoxidizing, but this method did not produce satisfactory results 
during the water break test. 

Priming must be accomplished as soon as possible after the tank is 
cleaned. The silicone primer (Dow Coming 1200) can be success- 
fully applied by spraying, brushing, or wiping it on with a satu- 
rated cheesecloth. Spraying appears to be the method most appli- 
cable to large tanks. A sufficient amount should be applied so 
that it is visible after drying. 
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The installation procedures described above are being followed in 
insulating the 6-ft aluminum test tank under Contract NAS3-14384. 
For this tank, ve plan to use the stencil only for applying the 
adhesive to the cylindrical panels* While curing the adhesive, 
all the panels will be held in place by a vacuum bag fitted to 
the interior of the entire tank. 

Quality Control 

As presently envisioned for boost-type hyurogen tanks, the 
capillary internal insulation system will have from 40 to 100 
cells per square foot. Because of the large number of insulation 
cells involved, quality control procedures should minimize the 
need for a cell-by-cell inspection. Ideally, the quality of the 
insulation panels and their installation would be assured by 
process control and only spot inspections would be required. 

During the development of design and tooling concepts and fabri- 
cation techniques, the tooling, equipment, and fabrication proce- 
dures were often inadequate to ensure consistent quality, and con- 
siderable rework and repair was necessary. For many of the test 
specimens, the initial inspection methods and criteria were not 
adequate to determine all of the defects, and satisfactory repair 
methods were unavailable. These defects were frequently due to 
incomplete bonding, excess adhesive, improper cell shape, and in- 
adequate dimpling. As a result, we conducted an extensive program 
to develop tooling and methods for achieving consistently high 
quality panels. The development tools that were used to fabri- 
cate test specimens did not totally achieve this goal, though 
they did serve to verify the concepts. And since the installa- 
tion methods that were chosen are based only on our limited ex- 
periences with the test specimens, they are subject to future 
verification and improvement. 

The quality of the insulation panel j was controlled primarily 
by visual inspections at six points *n the fabrication sequence. 
These inspections were performed — 

1) after printing, assembling, trimming, ar.d postcuring the un- 
expanded core panels; 

2) after priming the core panel and facesheet; 

3) after bonding the facesheet to the core; 
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4} after dimpling the faces beet 


6) after the filler plugs were installed 


A quality control document served as an inspection checklist, a 
record of acceptance, and an authorization to proceed to the next 
step , This "Panel Ins pe c 1 1 on Re cord” is presented in Appendix C , 
along with the detailed criteria against which the panels were 
inspected. 


The above checks were largely visual inspections. However, when 
bonds were considered to be marginal, we used a leak; test (see 
Pig. 111-26) to verify that the seal between the cells was com- 
plete. This test was performed using a nitrogen pressure source 
and a rotoffiiter-type flowmeter. 


Fig , IJI-Z$ heck- Checking 


To accomplish the test, the cells were pressurized from the open 
(wall) side using a flat, soft rubber seal pad connected to the 
flowmeter by a hose. The nitrogen pressure was regulated to 2 
psig with the flow shut off at the seal pad. The pad was then 
pressed onto the open side of the cell and the flowrate was noted. 
Leak rates below 0.01 scf/hr can be detected using this method. 

The same test was used to check for leaks after the panels had 
been installed. In this case, a smaller nozzle was pressed to 
the facesheet so as to cover one cell at a time, allowing the 
cell to be internally pressurized. Leaks large enough to be de- 
tected with the flowmeter were considered unacceptable. 

In addition to leak-checking the cells, our posting tallat ion checks 
included visual inspections to verify the placement of the panels, 
to detect unacceptable distortion of the cells, and to verify ab- 
sence voids in the grout between the panels. 

8 • Bonding Techniques 

We performed a number of tests to evaluate various primers and 
curing techniques for the silicone adhesives, and developed fabri- 
cation procedures that produced satisfactory results for both the 
350° F and 650° F insulation systems. 

a. Cove Node Bonding: RTV-156 - The RTV-ll ^xicone adhesive 

proved to be an excellent material for core n:>de bonding. However, 
certain peculiarities were discovered in using this material with 
Kapton ribbons. 

A number of the Kapton peel test specimens, which were initially 
fabricated using an adhesive thickness of 0.003 to 0.005 iu., 
showed greatly reduced strength when tested at -320°F. The peel 
strength for these specimens generally ranged from 0.5 to 2 lb/in. , 
compared with a minimum value of 5 lb/in. at room temperature. 
However, a few of the specimens exhibited higher peel strengths — 
of 8 lb /in. or more. In many instances the peel strength de- 
creased after periods of several weeks or several months. Ad- 
hesives literature and discussions with General Electric personnel 
and other experts in the field did not provide ready explanations 
or solutions for these problems. 
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We discovered that the bonds were highly sensitive to moisture* 
During peel tests, certain aged specimens showed good bond 
strength, and failure occurred in the adhesive. However, if cne 
breathed directly on the bond while a moderate peel force was 
being applied, the bond failed rapidly at one of the Kapton sur- 
faces. In other specimens, debonding occurred when liquid water 
was applied to the bond. However, when the bonds were not caused 
to fail, even after they were thoroughly soaked, they regained 
their original strength when allowed to dry. 

These results indicate that a highly soluble chemical bond is 
formed between the Kapton and the silicone adhesive under certain 
conditions. In general, when the bond loses strength in the 
presence of water at room temperature, it also loses strength at 
-320° F. 

The moisture-sensitive bond, when it does occur, seems to depend 
on the thickness of the adhesive layer. No problem was encoun- 
tered when the adhesive was thicker than 0.020 in.; in fact, the 
average peel strength of the bond was greatly increased. However, 
when the adhesive was thinner than 0.006 in., the core bonds ul- 
timately lost strength to the point that they were damaged in 
handling, even without being exposed to moisture* 

To eliminate this problem, we increased the thickness of the 
stencil from 0.010 to 0*020 in. to increase the thickness of the 
adhesive. When using a stencil to apply the adhesive, the prac- 
tical maximum appears to be about 0.015 in., which is approxi- 
mately the thickness achieved with the 0.020-in. stencil. At- 
tempts to further increase the thickness of the adhesive resulted 
in spreading of the bond. 

The problem of bond degradation when thin adhesive sections are 
used can also be eliminated by postcuring the core assembly. In 
an initial experiment with a bond thickness of less than 0.010 in., 
a postcure at 150° F for 4 hr appeared to eliminate the problem. 
However, this improvement proved temporary, and the bond strength 
decreased after several weeks. During subsequent experiments, we 
arrived at a postcure at 450° F for 4 hr, which has proven satis- 
factory. 
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Because of the delayed response, it was difficult to judge the 
adequacy of the 450° postcure treatment in improving the bond. 

One method that appears effective is to immerse a postcured 
specimen in boiling water for varying periods and then immedi- 
ately measure the peel strength. By immersing the specimens in 
boiling water for periods as short as 30 minutes, we have been able 
to differentiate between cure cycles for specimens that had all 
previously survived a 16-hr water soak with no apparent loss of 
strength. Specimens cured at 450°F have survived the boiling 
water test and been aged for several months without losing bond 
strength. Consequently, this cure cycle was incorporated into 
the fabrication process . 

After our initial experiments with RTV-156 core node bonds showed 
erratic peel test results, we experimented with a process wherein 
the Kapton ribbons were soaked in water for 12 hr and wiped dry 
within 30 minutes of applying the adnesive. This reduced curing 
time and seems to produce a higher and more consistent peel 
strength. The effect of soaking is related to the fact that the 
adhesive must absorb moisture to cure. Although soaking was not 
recommended by the adhesive manufacturer, our investigations 
verified that it had no relation to any of the bonding problems 
(i.e., the moisture-sensitive bond) discussed above, and it was 
incorporated into the fabrication procedure. 

b. Facesheet Bonding: RTV-560 - To evaluate the KTV-560 adhesive 

for facesheet bonding, we fabricated a series of tubular specimens, 
approximately 2 in. in diameter, using either Kapton or Nomex for 
the cylinder, 2-mil Teflon for the facesheet, and General Electric 
SS 4004 and SS 4155 primers. The completed tube specimens were 
evaluated by internally pressurizing the tube. Figures 111-27 
and III-28 show typical specimens before and after the test. 

Bond failures were experienced in some of these specimens. This 
problem was later recognized as being due to inadequate curing of 
the silicone primer. The specimens which were defective due to 
inadequately cured primer were detected readily, since the face- 
sheets were debonded with only a negligible pull force. Except 
in these defective specimens, no adhesive failures occurred. 
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Fig. Ill -28 Pace sheet Bond Test Specimen 
After Face sheet Rupture 


Fig. 111-27 Face&heet Bond Test 
Specimen Before Tes t 


:At room temperature, the teflon failed at approximately 10 psi; 
at the temperature of liquid nitrogen no failure occurred at 15 
psi; and at 350°F» small pinholes developed in the Teflon at 
approximately 2 psi. The pi; holes were probably caused by hot 
spots well above ISO”?. 


a. Core-to-Metal Bonding: BTV-S60 - A series of tension tests 

were conducted to evaluate the strength of the RTV-560 eore-to- 
imetal bond at elevated temperature. The test specimens were 
fabricated by bonding a single Kapton cell between two 2024-T6 
aluminum blocks, as shown in Fig. 111-29, The aluminum was 
cleaned by solvent degreasing, followed by mechanical cleaning 
with pumice and wet Scotch-B rite pads. Cleanliness was verified 
after rinsing the blocks by subjecting them to a water-break test 
General Electric 4004 primer was then applied and allowed to air- 
dry. 




Fig. 111-29 Bond Tension Test Specimen 


The RTV-560 adhesive was applied by dipping the Kapton core cells 
to a depth of ...approximately 1/8 in. and allowing the excess to 
drip off. Two different curing agents were used: dibutyl tin 

dilaurate (Thermolite 12) at approximately 0 .5%; and a tin soap 
curing agent, General Electric RTV-9811 , at approximately 10%. 

Six of these specimens were tested in tension at 350°F and six 
;were tested at room temperature, flue results of the test were 
as follows : 


Tensile Load at 
Failure, lb 


: Sample C uring Agent 


Test Temperature 


Dibutyl tin dilaurate 
: Dibutyl tin dilaurate 
Dibutyl tin di laurate 
RTV-9811 (Tin Soap) 
RTV-9811 (Tin Soap) 
RTV-9811 (Tin Soap) 
Dibutyl tin dilaurate 
Dibutyl ti. dilaurate 
Dibutyl tin dilaurate 
i RTV-9811 (Tin Soap) 
RTV-9811 (Tin Soap) 
RTV-9811 (Tin Soap) 
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The length of the bond for these specimens was 6 3/4 in, All 
failures occurred within the adhesive. Therefore, the minimum 
bond tension strength that was obtained was 5.3 lb per inch of 
ribbon at 350°F and 6.3 lb per inch at room temperature. 

The RTV-9811 was used with the RTV-560 for core-to-metal bonding. 
RTV-9811 is a thick-section curing agent that is advertised to 
be independent of ambient humidity, and therefore does not re- 
quire exposure to air. Although the bonding of prefabricated 
panels to the tank wall does not require thick sections of 
RTV-560 (in excess of 1/16 in.) the adhesive has only limited 
exposure to ambient air because of the enclosed location of 
the bond. Also, the ambient humidity may be inherently low or be 
controlled to a low level for other reasons. 

Our experience with the RTV-9811 curing agent indicated that the 
cure time for thin sections with large surface area was greatly 
increased by a low relative humidity environment (less than 15%) . 

For bonding the insulation to the tank wall, we mixed the RTV-560 
and the RTV-9811 curing agent with 1% by weight of Cab-O-Sil to 
give the adhesive the proper viscosity. This combination was used 
in preparing several test specimens, including those for the alu- 
minum dome, the Inconel dome, and the circular calorimeter. Since 
the initial speciments which contained Cab-O-Sil required very 
long cui ' times, we conducted a series of tests with combinations 
of curing agents to find ways to speed up the curing process. 

The combination of curing agents we selected for installing the 
insulation was 5% RTV-9811 with 0.25% dibutyl tin dilaurate. This 
reduced the curing time to an acceptable value, and the adhesive 
achieved a satisfactory strength in 16 hr. This same combination 
was used to formulate the grout compound. 

d. Primer Selection for RTV-560 - Three primers were evalua ed 
for use with the RTV-560 silicone adhesive: 

1) General Electric SS 4004; 

2) General Electric SS 4155; 

3) Dow Coming DC-1200. 
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In specimens prepared using each of the three primers, bond fail- 
ures occurred within the adhesive, rather than at the primed sur- 
face. 

Since the SS 4155 primer forms a chalky layer that can be wiped 
off during handling, we eliminated it from further cor.sideration. 

Both the SS 4004 and the DC-1200 primers were acceptable for 
core-to-facesheet bonding (with both Teflon and Kapton face- 
sheets) and for core-to-metal bonding. Initially, we believed 
that the SS 4004 primer offered advantages over the DC-1200 
primer. Later experience indicated that both were equally ac- 
ceptable, and that the difference' >■ oted were due to variations 
in our application and primer niques. Primarily be- 
cause of greater experience a. - ct» vi th the DC-1200 

primer, it was selected for beta t. . iC ad 650° F systems. 

Using this primer, we have found that •* 4 surfaces can be 
stored for up to 10 weeks without 4 mpo < the effect' “ness 
of the primer. 

After the RTV-560 silicone adhesive bad performed satisfactorily 
in numerous tt->.s, several unexplained bonding fail’i-es occurred. 
In a hit., percentage of cases, the adhesive totally failed to 
bond to Kapton and Teflon, even though there had been no apparent 
change in the materials or bonding procedures. Intensive investi- 
gation revealed that the failures primarily resulted from inade- 
quate curing of the silicone primers due to the low humidity. 

Although vendor literature, Martin Marietta procedures for the 
use of silicone adhesives, and local experts all recommended 
increased curing times for low relacive humidity, these recom- 
mendations proved inadequate for the b.*.ow-10% relative humidity 
conditions that we encountered. 

To solve this problem, a 20-ft by 20-ft enclosure was built in 
the work area and equipped with humidifiers (see Fig. III-30) . 

This humidity room provided a relative humidity of 40 to 60% at 
all times except weekends, when the humidifiers were not operat- 
ing. All primer curing and bonding operations were subsequently 
performed in the humidity room. 
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In addition to curing the primer, bonding it to the Teflon face- 
sheet and the Kapton core also appeared to depend on the amount 
of primer applied* Although in some instances the minimum amount 
of primer that could be applied by wiping it ot. with a saturated 
cheesecloth pad was acceptable, we found that using several Limes 
t T -at amount gave moi j consistent results with Teflon, The addi- 
tional thickness of primer also provided a visible Indication 
that the primer had been applied to the entice surface, whereas 
application of the minimum amount was difficult or impossible td 
detect visual,. . 
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If enough primer is used, it may be applied either by wiping with 
cheesecloth, brushing, or spraying. 

e. Scljimlcs Adhesives - For the 650-1 insulation system (poly- 
imide adhesives) , voids in the bondline were a recurring prob- 
lem. As a result, a number of tests were performed to evaluate 
the outgassing characteristics of the BE- 34 and Thennadite-1? 
polylmide adhesives. The test specimens were made of 5 -mil 
Eastern co>*e and a 1-mil Kapton facesheet. 

For both adhesives, using a slower temperature rise reduced the 
Incidence of trapped bubbles; and the elimination of excess ad- 
hesive was also effective in controlling this problem. A sig- 
nificant improvement resulted from using a dry nitrogen environ- 
ment in the curing oven. 

Bond line voids with BR- 34 adhesive were most successfully elim- 
inated by thinning the adhesive by 30 parts per 100 with standard 
BR-34 thinner supplied by the vendor. The core was dipped in 
adhesive to a depth of 1/16 -in. , then blotted on a Mylar sheet 
for 5 to 10 sec, and -inally placed o i the Kaptou facesheet, 
which was supported on a soft pad. 

Several cure cycles were used to achieve void-free lines. One of 
the more successful cure cycles was as follows: 


Air-Dry 

1 hr minim* 

90° F 

1 hr 

19 5° F 

4 hr 

230°F 

4 hr 

300° F 

3/4 hr 

350 s F 

2 hr 


The bond was pos tcured at a later time, in accordance wit! the 
manufacturer’s recommendat ions . Figures I T I-3l and 111-32 show 
an insulation test panel fabricated using this procedure. Al- 
though the polyiaide bonds achieved with this process were satis- 
factory, tue silicone adhesives proved to be more practical for 
fabricating the 650°F Insulation system. 
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REPAIR TECHNIQUES 


In fabricating insulation panels and test specimens, we developed 
repair procedures to correct for several types of damage and de- 
fects that were encountered during this program. These are de- 
scribed in the following paragraphs, and apply generally to the 
Kapton, Teflon, and silicone adhesive materials. 

The most common problem we encountered was one of skips in the 
facesheet-to-core bond, or very thin spots in this bond, which 
appear to be potential leak points. These are readily repaired 
by manually applying a thin bead of adhesive over the defect 
area, generally on both sides of the ribbon. This can be accom- 
plished by using a narrow spatula or a hypodermic syringe with 
a 16-gage needle, filled with RTV-560 adhesive diluted approxi- 
mately 5 to 10Z with General Electric RTV-910 thinner. In either 
case, care must be taken to prevent excessive adhesive from build- 
ing up and/or prevent spreading the adhesive over a larger area 
of the facesheet than is desirable. 

In some instances, we found that cells on the perimeter of the 
panel were distorted because of improper fitting of the core to 
the assembly rake or because of inaccuracies in the tooling. 

These cells have been successfully repaired using the following 
procedure. The facesheet was first debonded from the core over 
the distorted area by failing the adhesive. A template of the 
proper size and shape was then inserted into the cell to hold 
the ribbon to the proper contour, and adhesive was applied on 
the outside of the cell at the facesheet -core intersection using 
a spatula or syringe. After this first adhe. re cured, the 
template was removed and the bond was completed on the inside 
intersection of the core and facesheet. An extraneous line of 
adhesive will remain on the facesheet after this repair is com- 
pleted. However, no resulting problem in subsequently dimpling 
the facesheet has been experienced. Figures III-33 and 111-34 
show a distorted cell before and after being repaired. 

In a very few cases, tears occurred in the Kapton core ribbon, 
beginning from the open or wall side of the prefabricated panel. 
These tears have been repaired by bonding a small Kapton patch 
over the tear using RTV-156 adhesive. 



Fig, 111-34 Distorted Cell < 
Face sheet Side i 
Being Repaired 


111-33 Distorted Cell on 

Faeesheet Side before 
Being Repaired 

In some instances the teflon melted through in isolated cells 
during dimpling. In such instances, the faeesheet was trimmed 
out for these cells using a sharp knife. A predimpled Teflon 
patch was then bonded directly over the remaining bond around 
the perimeter of the cell using ffTV-156 adhesive. Figure I 11-35 
shows a specimen with a faeesheet natch. 




These patches can be cut from facesheets that had been removed 
from rejected panels after the dimpling operation was completed. 
No difficulty was experienced because of the RTV-560 that re- 
mained on the Teflon. 

Small holes in the facesheet can be repaired by bonding a small 
Teflon patch over them, using either RTV-156 or RTV-560. This 
method should be limited to cases where the patched area is a 
very small part of the cell, and where the patch will not pre- 
vent satisfactory dimpling. 

In trimming away tne excess facesheet around the perimeter of 
the cell, the facesheet and adhesive will occasionally be com- 
pletely removed up to the outer edge of the Kapton ribbon in 
small areas. This does not in itself affect the integrity of 
the cell, since the bond will be complete on the opposite side 
of the ribbon. Such over trimmed spots are considered potential 
leak points, however, and are repaired by applying a thin layer 
of RTV-560 adhesive so that it overlaps the Kapton-Tef Ion inter- 
section. 

The above repairs apply to insulation panels that have not yet 
been installed on a tank wall. In general, they also can be 
used to repair damage that may occur after installation. For 
damage to large areas, however, our recommended method is to 
completely remove the damaged area, carefully trimming the face- 
sheet to the boundary of the remaining cells. A special panel 
must then be fabricated. This panel will be slightly undersized, 
but can be bonded in place and grouted in the standard manner. 
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IV. 


INSULATION SYSTEM EVALUATION 


To evaluate materials for the 350°F and 650°F insulation systems , 
insulation specimens were fabricated with the materials systems 
discussed in Chapter II and subjected to thermal shock tests, 
thermal conductivity tests, and dome cycling tests. An insula- 
tion thickness of 1 in. was chosen for all specimens as being 
typical for a reusable booster hydrogen tank. This chapter pre- 
sents test results for the selected materials systems. Results 
for earlier candidate systems are contained in Appendix A. 


A. THERMAL SHOCK TESTS 


The thermal shock test specimens were fabricated by bonding a 
12-in. by 12-in. insulation panel to the appropriate tank metal. 

For the 350° F materials, the insulation was bonded to a 0. 090-in. - 
thick plate of 2219 aluminum alloy. For the 650°F materials, the 
insulation was bonded either to a 0.032-in. 6A£-4V ANL titanium 
alloy or a 0.050-in .-thick Inconel 718 plate. The edges of the 
metal plates were reinforced with 1-in. aluminum or stainless 
steel angles to prevent excessive warping. 

The thermal shock test fixture is shown in Fig. IV-1. The metal 
side of the specimens was heated t either 350°F or 650°F with 
an electric radiant heater, and then the heater was deenergized 
and the insulation was immersed in liquid trogen to a depth of 
1/4 to 1/2 in. The cycle was repeated after the metal plate cooled 
to uear ambient temperature. The test fixture was designed for 
automatic filling and automatic cycling, and could cycle two 
12-in. -square specimens simultaneously. 

The cost of equipment for performing these tests with liquid hy- 
drogen w* 4 not considered justified. 

1. 350° F Insulation System 

Two thermal shock specimens, shown in Fig. IV-2, were fabricated 
using the 350°F (350-III) insulation system. In each specimen, 
the facesheet was removed from three or more cells, and these 
cells were repaired using the method described in Section III-D. 
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The specimens were then installed in the thermal shock test fix- 
ture, and the aluminum plates were cycled between 70 and 350°F 
308 times. No problems were apparent during the test although 
there was a considerable buildup of frost on the facesheets. After 
the thermal cycles were completed, one of the panels was found to 
have three tetrs or cuts in the facesheet. Two of the tears ap- 
peared to be due to thermal stresses, as if the Teflon had been 
inadequately dimpled. The dimple depth for these cells was not 
noticeably less than for other cells in the panel; however, the 
depth of all the dimples for both panels was slightly less than 
normal. This reduced dimple depth was due to the fact that the 
insulation specimens had been fabricated using tooling for panels 
to fit a 6-ft-diameter cylinder, and when installed on a flat 
panel, the facesheet was elongated. The third hole in the face- 
sheet appeared to be a cut at the core ribbon, and could have been 
caused by cell pressurization due to the capillary opening being 
plugged with ice. 

No other damage had occurred to this specimen, and none was found 
in the other specimen. All the facesheet patches survived the 
thermal cycling, and no debonds occurred in the core-to-metal 
adhesive. 


2. 65Q°F System 

Two 650° F insulation specimens (650—11 system) were bonded to 
Inconel 718 plates and subjected to 196 thermal shock cycles. The 
Inconel sides of the specimens were cycled between 90°F and 640°F 
in the automatic thermal shock cycling fixture. 

When the temperature of the control panel reached 640°F, the heat- 
ers were turned off and the facesheet side of the insulation was 
immediately immersed in liquid nitrogen lj a depth of 1/4 to 1/2 
in. until the plate cooled to 90°F. The total cycle time was 
12 minutes (5 cycles per hour): 2 minutes were required to heat 

the metal from 90°F to 640°F, and It took 10 minutes to cool 
the plate from 640°F to 90°F. 

At the peak temperature, tne centers of the 12-in. -square Inconel 
plates were distorted in excess of 0.25 in. (in the direction of 
the facesheet) from their original planes. This produced much 
greater distortion of the insulation specimens than would be en- 
countered in an insulated tank. 

A few core-to-metal adhesive failures occurred at the points where 
the distortion produced high stress. Inspections revealed that 
these failures occurred only in areas where the core was embedded 
in the adhesive less than the intended 1/16-in. No damage oc- 
curred to the facesheets or to the facesheet or core node bonds. 
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The two thermal shock specimens are shown in Fig. IV-3. One 
specimen was fabricated from four separate panels to evaluate 
the resistance of the nested grout joint to thermal shock. There 
was no apparent degradation or failure of the joints, and the 
appearance of both panels was unchanged after lasting. 


B. THERMAL CONDUCTIVITY TESTS 


During these tests, the thermal conductivity of the in; ala t ion 
system was determined as a function of wall temperature. A double- 
sided, guarded, flat-plate calorimeter was used. Identical in- 
sulation specimens were bonded to each side of a primary and 
guard heater assembly, and the insulated calorimeter was submerged 
in liquid hydrogen. 

The construction of the heater assembly is illustrated in Fig. 

IV-4. These units were fabricated by potting grids of resistance 
wire in silicone adhesive to form a thin, flat assembly, bonding 
plates and rings of 6061 aluminum to each side of this assembly, 
again using the RTV-560, and finally casting an additional ring 
of silicone, outside the guard rings. This outer ring isolates 
the guard heater from the liquid cryogen and permits the insula- 
tion panels to extend beyond the guard heater. Thermocouples were 
installed or. the four aluminum plates and rings, and thermopiles 
were installed between the primary plates and guard rings on each 
side. 

The primary heater was 8 in. in diameter, the guard heater had 
an OD of 14 in., and the complete assembly was 17 in. in diameter. 
Figure IV- 5 shows the calorimeter assembly prior to installing 
the insulation panels. 

The double-sided, flat-plate calorimeter described above replaced 
a square calorimeter assembly : which is described in Appendix A. 
Modifications that were made to this earlier device to pi event 
excess heat transfer from the guard heater to the cryogen increased 
its overall dimensions to the point where it could not be installed 
horisontally in the test dewar. 

The thermal conductivity tests were conducted using a method simi- 
lar to that described iq ASTM Standard Method C-177 . The insu- 
lated calorimeter assembly was installed in the dewar by suspend- 
ing it from the cover assembly. The calorimeter was installed 
both horisontally and vertically to evaluate the effect of the 
orientation with respect to gravity on the performance of the 
insulation. 
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The dewar and the insulation were purged by alternately pressuriz- 
ing the container with helium and then venting. After purging, 
the vessel was filled w'th liquid hydrogen and held to a level 
above the test specimen. Power was applied to raise and/or hold 
the temperature of the primary heater to the desired test value. 

; An automatic control system provided power to the guard heater 
so as to control the temperature difference between the primary 
and guard heaters, as sensed by the thermopile, to within less 
than ijilff 

The combined heat flux through the primary areas of the insulation 
on both sides of the calorimeter was determined from the power 
input to the primary heater. The thermal conductivity was then 
determined from this heat flux and from the effective area of the 
primary heater, the thickness of the insulation, and the tempera- 
cure difference across the insulation by using the relationship 

k - -SS- 

2MT 


where 

k = measured thermal conductivity, 3tu/hr~f t-°R 
Q * heat input rate, Btu/hr 


X = insulation thickness , £ t 

A * effective area of one side of primary heater plate, ft 2 


AT * difference between measured temperature of primary plate 

and temperature of saturated cryogen at test pressure, *R. 


The circular calorimeter was insulated with the 350-11 I materials 
system (described in Chapter I) .which included ...Kapton core, 

Teflon facesheet, and nonopaclfied fiberglass filler (see Fig. 
1V-6) . 

Nonopaclfied filler was chosen because it was considered adequat e 
for the reusable boost tank application, where the insulation 
effectiveness at high wail temperatures is of secondary importance 
For walls at or below ambient temperatures, radiation heat trans- 
fer was not expected to be significant in comparison with gas 
conductivity. No special etfort was made to dry the filler mate- 
rial before it was installed. 




Circular Calorimeter with 
350-111 Materials System 


The results of thermal conductivity tests using this specimen 
are shown in Fig. IV-7. Test data for horizontal and vertical 
orientations are given, The figure also shows the results from 
a prior test using the square calorimeter in the vertical orienta 
tion, and the integrated or effective thermal conductivity of 
gaseous para hydrogen. The effective thermal conductivity of 
hydrogen gas between the temperature of the liquid and any 
other temperature, 1, is defined by 


where 


* effective thermal conductivity of a layer of hydrogen 
gas with boundary temperatures of 36 # R and T (°R) 

the thermal conductivity of gaseous para hydrogen at any 
temperature, T, as given by WADD Technical Report 60-56.* 


*A Compendium of the Properties of Materials at Low Temperature 
( Phase 17. Part J - Properties of Fluids. WADD Technical Report 
60-56 (Contract AF33(616)-58-4) . Wright Air Development Division 
Air Research and Development Command, Wright-Patterson AFB, Ohio, 
October I960, 
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The dashed portion of the curve has been extrapolated beyond the 
data given in the reference. The curve for the thermal conduc- 
tivity of hydrogen represents the theoretical lower limit, or 
best possible performance, for the capillary internal insulation 
system. 

The curve fot the previous test with the laO-II system follows 
the slope of the hydrogen conductivity curve more closely than 
that for the 350-III system. This is due to the difference in 
filler material. At the higher temperatures, he'** transfer by 
radiation becomes significant for the 350-111 sy^.* with t n® 
nonopacified filler material. However, for temperatures between 
350°R and 400°R, which might be expected during a ground hold, 
the two systems are approximately equivalent and have thermal 
conductivities from 27 to 38% greater than that for gaseous hy- 
drogen. 

dsing a wall temperature of 530°R (70°F), and assuming an average 
density for 1-in. -thick installed insulation the product of den- 
sity and thermal conductivity ranges from 0.305 to 0.357 Btu-lb/ 
hr-ft 4 -°R. 
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C. 


UOtu. CYCLING TESTS 


Dome cycling tests were performed to evaluate the ability of in- 
sulation fabricated from various materials systems to withstand 
temperature and pressure cycles when installed as part of a hy- 
drogen tank. The setup for these tests is shown in Fig. IV-8. 

The insulation was bonded to the inside of a 19-in. -diameter metal 
dome and installed at the bottom of the dome cycling test fixture 
(see Fig. IV-9) . After being purged with helium, the chamber was 
filled with liquid hydrogen and pressurized (to either 35 or 45 
psig) . The dome was then heated using external radiant heaters 
to either 350°F or 650°F. After the dome reached the desired 
temperature, the heaters were turned off and the pressure was 
released to ambient. The dome was cycled repeatedly from ambient 
pressure and temperature to the operating pressure and temperature 
(either 350°F or 650°F). 

The barrel of the dome cycle test fixture was insulated with a low- 
temperature materials system. This capillary internal insulation 
was fabricated from Nomex core. Teflon facesheet, polyurethane 
adhesives, and polystyrene filler. It survived quite veil and 
continued to serve the purpose of reducing hydrogen usage through- 
out the test program. 

For the 350°F insulation system, we used a 2219 alimunum alloy dome. 
A 0.052-in. titanium (6AX-4V ANL) dome was used for the initial 
650°F insulation system; results of test with this dome are pre- 
sented in Appendix A (650-1 system), along with results of dome 
cycle tests for the 350-1 and 350-11 systems. An 0.050-in. Inconel 
718 dome was used to evaluate the 650-11 silicone adhesive system. 

The domes used in these tests were explosively formed at our High- 
Energy Formiug Facility. The aluminum dome was chemically milled 
to a thickness of 0.032 in. This resulted in stressing the dome 
to a safety factor of only 1.8, based on its yield strength at 
350°F, when the pressure was 45 psig. 

Because of tne inadequate pressure capability of the test fixture 
and the higher yield strengths of titanium and Inconel 718, we 
were unable to achieve this 1.8 safety factor when pressurizing 
the other domes. 
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1 . 


350°F Aluminum Dome 


The aluminum dome was insulated with the 350*111 system using the 
fabrication method described in Chapter III. The design ot this 
specimen was based on the radiating ribbon concept , and two semi- 
circular panels were fabricated for it* 

To evaluate the stencil adhesive application technique, we in- 
stalled one of the panels by applying adhesive continuously to 
the dome section, and installed the other panel by using the 
stencil to apply the adhesive. After fabrication, we found that 
several pairs of cells were interconnected. In such cases, we 
sealed the opening in the facesheet for one of the cells. 

This dome specimen was then installed at the bottom of the test 
vessel. After pressure purging the vessel with helium, it was 
filled with liquid hydrogen at a maximum rate with no delay for 
cooldown. The pressure was then increased to 35 psig* at a rate 
of approximately 20 psi per minute. Power was then applied to 
the external radiant heater, and maintained until the thermocouple 
near the center of the dome reached 350°F. Heater power was then 
turned off, and the pressure was released at approximately 20 psi 
per minute. The next cycle was initiated by refilling the vessel 
with liquid hydrogen. 

The dome specimen was subjected to 23 cycles before it was removed, 
inspected, and found to have failed. Failure occurred when the 
insulation debonded from the dome over approximately 75% of the 
total area. No damage had occurred to the Teflon facesheet or 
to the silicone adhesive bond between the facesheet and the Kapton 
core. However, some damage had occurred to the core at the outer 
perimeter. This damage was adjacent to several areas where an 
excess of adhesive had accumulated, but may have occurred while 
installing the dome in the test fixture. The core node bonds 
(made with RTV-156 adhesive) had remained intact except for small 
areas of peel failure that had occurred in conjunction with the 
debonding at the metal interface. The RTV-560/Cab-0-Sil grout 
joint had remained intact. 


*This test was conducted at 35 psig, instead of the 45 psig that 
bad been used in previous tests because we felt the aluminum dome 
might have been weakened by the repeated cleaning of previous 
candidate adhesives from the dome. 
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This" specimen was assembled shortly before the silicone bonding 
ami primer problems (described in Section II-B) were encountered* ... 
Consequently * its debonding was probably related to the primer 
curing problem* Since. we had previously obtained excellent core- 
to^aluminum bonds using RTV-560-, this specimen was rebuilt* The 
r e.insul ated test art iele is shown lit Ft g O'. 

The..s^e..mtertal«--were'' : ii^ed.»---buf-'--the improved primer and adhesive 
curing procedure described in Chapter III was incorporated, in the 
fabr i ca t ion process.*. Sample tes ts of the s i 1 leone -to-metal bond 
were evaluated ;;; aiid found .to be satisfactory before the insulation 
panels were installed in the dome* As before, adhesive was sten- 
ciled on. one-half of the aluminum dome and spread continuously 
on the... other, half * The dome adhesive was allowed to cure for 10 
days * 



Fig IV^IO £ Imirmn Dome Insulated ui fh 3W~III Materials System 


The rebut it dome specimen was ty ele~* tes ted us ittg the same pr 6 ce~ 
d are described above for the previous dome * A total of 24 cycles 
was. . achieved * using one 1 500-gallon supply of Tiqui d hydrogen ♦ Mo 
if allure occurred ...in... the core-to-dame bond , ind lea t ing that the 
previous debondiitg was probably related to the primer curing prob~ 
lam* The grouted joints also remained intact* However, several 
tears occurred in the Teflon facesheeb* and one outer cell experi- 
enced damage that was known to have occurred during installation 
in the test fixture. 



A detailed postte-'t examination of the specimen indicated that the 
facesheet tears were related to cells that were somewhat distorted 
in shape. Ue also noted that a tear in the Kapton core ribbon was 
associated with each facesheet tear. Attempts to create similar 
failures in other cells at room temperature and at -320* F were un- 
successful * 

We concluded that the most likely causa of the failures was small 
unnoticed notches that had been created in the core ribbons when 
they were originally being trimmed. The combination of these, 
notches and the distorted cell shape probably, was... required to. 
cause the failure. Both represent defects that would not occur 
if production tooling were used* 

2. 650* F Inconel Dome 

The inconel dome was insulated using four pie-shaped panels, plus 
a small, star-shaped, single cell in the center. All panels were 
fabricated f rom t he 6.50-1 1 materials * The radiating ribbon de- 
sign approach, with nested grout joints between the panels, was 
again used. Figure IV-11 shows the four panels before installa- 
tion, and Fig. IV-12 shows the small star-shaped cell bonded in 
place. The completed dome is shown in Fig* I¥-13* 

Smaller panels were used for this specimen to minimize the degree 
of distortion required to com f orm the facesheet to the required 
compound curvature. To further minimize this problem, the core 
was expanded onto a flat rake that was designed to achieve the re- 
quired panel size and shape after it was formed to the curvature 
of the dome. The facesheet was then bonded in place in a flat 
p lane » and no pr e£ arming was required * 

The core was made from curved ribbons that were designed to ex- 
pand to the proper curvature. Consequently, when the bonded as- 
sembly was removed from tin* rake, it assumed a curved shape very 
near the required final shape. This technique was only used in 
this one application, yet it appears to be an acceptable simplifi- 
cation of the bonding process for pane Is... with, a 
' compound curvature * 

The panels were installed onto the dome without using tooling to 

control their position, and the adhesive was applied over the 

entire surface* Because of difficulty in ■ controlling the position 

of the panels, and because of inaccuracies in the design, the | 

grout, joint exceeded 1/2 in. in some places* 
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Inconel Dome after 
Installation of Center , 
Star-Shaped Cell 


Insulation Panel® 
for Inconel Dome 


Pig. IP-13 Completed Inconel Dome 



The dome was installed in the dome cycle fixture and the test 
vessel was purged with helium. Temperature and pressure cycles 
were accomplished by (1) filling the vessel with liquid hydrogen, 
(2) applying power to the external heater to raise the dome tem- 
perature to 650°F, (3) holding the dome temperature at 650°F 
while increasing the internal pressure to 45 psig, and (4) de- 
energizing the heater and venting the pressure. The cycle was 
repeated after the dome had reached ambient temperature or below. 

During the eighteenth cycle, the temperature measurements indicated 
an insulation failure at the center of the dome. The tests were 
stopped after the nineteenth cycle was completed. A posttest 
inspection of the specimen revealed that the facesheet had torn 
in and near the center star cell. It was readily apparent that 
these tears had propagated from breaks in the grouting between 
the panel. These breaks had occurred at three places where the 
joint was still very narrow, but near extremely wide sections of 
grout. (This condition would not occur in an actual tank instal- 
lation, where more adequate design and tooling are provided.) 

No other damage to the insulation was found. 
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V. 


CONCLUSIONS 


The capillary gas-layer internal insulation concept developed on 
this program can be applied to reusable-booster liquid hydrogen 
tanks that will repeatedly experience high temperatures due to 
reentry heating. Materials systems have been selected and demon- 
strated to be suitable for repeated exposure to tank wall tempera- 
tures of 350°F and 650 °F in a hydrogen environment. Insulation 
design concepts were selected, developed, and demonstrated in 
tests on small specimens. 

The thermal conductivity of the insulation system was measured for 
various wall temperatures using liquid hydrogen as the operating 
fluid. The system's performance as thermal insulation was found 
to be near the expected range, and totally adequate for the liquid 
hydrogen boost tank application. System tests using small speci- 
mens demonstrated the capability of the insulation to withstand 
repeated thermal shock and combined temperature and pressure cy- 
cling. 

System design and fabrication processes were evolved to a consid- 
erable extent on the basis of failures experienced in system tests. 
This development cycle demonstrated that the insulation could sur- 
vive the extreme operating environments and maintain satisfactory 
performance, even when made of rexatively weak materials, so long 
as the necessary design and fabrication requirements were met. 
However, certain design and fabrication deficiencies were i ’.enti- 
tled that could c%us<* failure in the insulation system. The de- 
sign criteria, too.klx;» concepts, fabrication methods, and quality 
requirements that were developed have eliminated these failures, 
and when applied to the insulation of large tanks should result 
in insulation systems with c msistently predictable performance, 
long life, and high reliabllitv. 

Although a wide variety of materials was initially investigated, 
the materials finally selected for the 350°F and the 650°F insula- 
tion systems differed only in the film used for the facesheet. 
Initially, difficulty was experienced in satisfactorily dimpling 
the Kapton facesheet used in the high-temperature systems and 
Teflon was selected for the facesheet for the lower-temperature 
insulation. Only near the end of the program did we develop a 
completely acceptable method for dimpling the Kapton facesheet. 
Since the 1-mll Kapton facesheet is significantly lighter than the 
2-mil Teflon facesheet, it might prove to be a better choice for 
350°F applications. 
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It is difficult to accurately project the cost of fabricating and 
installing the capillary internal insulation system on the basis 
of the small-scale specimens that were fabricated during this pro- 
gram. Our experience Indicates that the cost of materials for the 
selected systems, including installation materials, will be in the 
range of $3.50 to $4.00 per square foot for a thickness of 1 in. 

The direct labor required for panel prefabrication should be 1.25 
hr or less, and panel installation should require no more than 0.5 
hr per square foot. 

The weight of the system is approximately 1/3 lb per square foot 
of installed insulation for a 1-in. thickness, or 4 lb/ft 3 . Since 
about 2/3 of the weight is in the facesheet assembly and the in- 
stallation adhesive, the insulation density would decrease for in- 
creased thickness, and would increase if less than 1 in. were used. 

The 350°F insulation system, along with design and fabrication 
data that were developed on this program are being used to insulate 
a 6-ft-diameter by approximately 7-ft-high aluminum tank under 
Contract NAS3-14384, Internal Insulation System Development , for 
NASA's Lewis Research Center. This tank will be tested with liq- 
uid hydrogen and will be subjected to thermal cycling to a tempera- 
ture of 350°F. These tests will demonstrate the performance of 
the insulation and its ability to withstand the high-temperature 
environment when applied as a complete system. Additional effort 
that will be required to apply this insulation system to space 
vehicles will include developing high-quantity production tooling 
and procedure, and testing Insulation produced in quantity when 
installed in larger test tanks. 
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APPENDIX A 


ADDITIONAL TEST DATA 



In addition to the adhesive systems discussed in Chapter IV. 
also evaluated several other systems on the basis of mat*” . xs 
testing results obtained early in the program. These ma '•ials 
systems are designated 350-1, 650-1, and 350-11. The evolution 
of our adhesives selection criteria is discussed in Chapter II . 

The following sections describe the results of thermal snock, ther- 
mal conductivity, and dome cycling tests using the various adhe- 
sives combinations. 


A. 350-1 INSULATION SYSTEM 


1 . 


Based on the results of our material evaluation in Task I, we in- 
itially selected the following materials for the 350°F insulation 
sys tern . 


Core 

Facesheet 

Core Nude Adhesive 
Facesheet/Core Adhesive 
Core/Aluminum Adhesive 
Filler Material 

Thermal Shock Tests 


5-mil Kapton Film 

2-mil Teflon Film 

Thermadite 17 

Lefkoweld 109/LM-52 

Lefkoweld 109/LM-52 

Owe ns -Corning PF- 105-700 T 
(opacified fiberglass) 


Two sets of two each 350-1 thermal shock test specimens were used. 
The first set debonded on approximately the third cycle. After the 
second set underwent four cycles, a visual inspection indicated 
that the facesheet on one cell had broken. During the 46th cycle, 
the temperature control mechanism failed and the panels were sub- 
jected to approximately 900°F. Only one panel severely debonded. 

The other panel was cycled 17 additional cycles without failure 
before the test was stopped. 

An additional small test panel was bonded to an aluminum panel with 
Lefkoweld 109/LM-52 and placed in the thermal shock device. At 
350°F the Kapton core was pulled away from the aluminum plate with 
only a small amount of force. Due to the reduced strength and soft- 
ness of the adhesive at 350°F, we decided not to proceed with any 
further thermal shock tests with this materials systems. 
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Thermal Conductivity Tests 


iembly , shown In Fig. A-l, was fabricated using 
ils system. After several hours if testing wit 
failure points were* evident around the edge of 
and around power leads, the -mop lie leads, thee 
n d s upper t p o i. n ts . AX tho ugh t epa ' rs were made 
gain attempted, satisfactory results w re not 




2 350-1 Insulation Installed on Square Calorimeter 


65.0-1 INSULATION SYSTEM 


The materials we initially selected for the 650 °F insulation 
were as follows: 


system 


Core 

Facesheet 

Core Node Adhesive 
Facesheet /Core Adhesive 
Co re /Tank Wall Adhesi* e 
Filler Material 


5-mil Kapton Film 
5-mil Ra,. ton Film 
Thermadite 17 
BR-34 
8R-34 

Owens Corning PF- 105-700 
(Opacified fiberglass) 


This system was tested with 
ial. 


titanium as the candidate tank mater 



Thermal Shock Tests 


The 650-1 system was subjected to 300 thermal shock cycles from 
hSO^F to -320®F. Figures A-2 and A-3 show the tv 650-1 thermal 
shock test specimens. Each panel had 50 complete cells. The face-, 
sheet of one ceil tailed on the first cycle. No other failures in 
the f acesheet or core bond were detected after 100 cycles. 

: The rmal Conduct 1 vf t y Te s t s 

Figure A-4 shows the 650-1 insulation Installed on the calorimeter. 
Thermal conduc t ivi t y measurements wi th this device greatly exceed 
the predicted value. An inspection showed that there were no 
major failure points; however, leakage between the cells appeared 
to have caused the high values . Leakage through voids created by 
volatiles in the poly Amide auhesives was a major problem with this 
system. 


Because of the unsatisfactory thermal conductivity tests on the 
first 650-1 calorimeter, several test coupons were fabricated with 
the polyad.de adhesives FM- 34, IE- 34 and T-17 in an attempt to elim- 
inate the voids between cells. These coupons were leak-checked 
under water to determine which techniques gave the most satisfac- 
tory results . As a result of this investigation, the build pro- 
cedure was reversed: a vacuum bag was used to load the core while 

bonding it to the metal, and the Thermadite-17 adhesive, rather 
than the EE-34 adhesive, was ueed. In the reversed build proce- 
dure, the core was bonded to the metal plate; the bonds were leak- 
che.i'ked; leaks were repaired; fiberglass was placed In the cell; 
an- th* f acesheet was bonded to the honeycomb. Although this meth- 
oe produced some improvement, there were still an unsatisfactory 
number of leaking cells and no further calorimeter tests were con- 
ducted, Subsequent development of bonding techniques with poly- 
imi de adhesives 1 s described 1 n Cb ap te r 11 1 , 

Dome Cyciln Tests 

The 650-1 dome specimen failed on the Initial cycle with liquid 
hydrogen. A posttest inspection showed that there was a complete 
loss of dimpling In the faeesheec, and facesheet failure In sev- 
eral places. The dimple loss was initially attributed to a lack 
of Kapton preshrinking; however, we later discovered that the 
dimples had not been heat-set at a sufficiently high temperature. 





350-11 INSULATION SYSTEM 


After experiencing bonding failures vi th "the 350-1 and 650-1 in- 
sulation systems, we reviewed vendor literature on silicone ad- 
hesives to determine whether this family of adhesives was satis- 
factory for use in the insulation system. Some preliminary tests 
were conducted with silicones and primers on Teflon and Kapton in 
liquid nitrogen for indications of debonding. Since the results 
of these tests were encouraging, we selected the following mater- 
ials for the 350 °F insulation system. 


Core IIIHIII - ml 1 Kapton Pi la 

Facesheet 2 -mil Teflon Film 

Core... lode Adhesive Thermadi te 1? 

Fa ceshee c/Core Adihes A ve RTV-560 

Co re /Aluminum Adhesive RTV-156 

Filler Material Opacified Fiberglass 

Primer on Core and Facesheet SS-4155 

Primer on Aluminum None 

Thermal Shock Tests 


The 350-11 thermal shock specimens successfully completed 300 ther- 
mal shock - cycles . The panels were leak-checked before and af te r 
the test series by using the nitrogen flowrate indicator and reg- 
ulator | Kqi cel 1 failures could be de te c ted , Figure A-5 shows one 
of the 350*F thermal shock specimens after the test. 

Thermal Conductivity Tests 

The 350-11 insulation system was bonded to the calorimeter as shown 
in Fig, A-6. The edge around the calorimeter was filled with &TV- 
560, which made a seal around the electrical leads and structure 
support points. The half cells around the edge of the calorimeter 
insulation were closed out with a straight piece of 5-ail Kapton 
film. The calorimeter specimen was tested using liquid hydrogen 
m the test cryogen. Tests were conducted with the insulation in 
the. . . verti cal plane only. 


The calorimeter test was accomplished without any mechanical" prob- 
lems. Test data were obtained for hot-side temperature from 170“R 
to ■approximately bTO^R. These results are shown in Fig. A- 7 . 





Measured Effective Thermal Conductivity 
(Cold side 36 °E) 


Integrated Thermal Conductivity of Para Hydrogen 
(cold side = 36 °R) 


100 200 300 400 500 600 700 

Ho t-Si de Teape rature , °R 

Fig. A~7 Calorimeter Thermal Conductivity Test T^ta for 350-11 
Materials System 


Figure A-7 also shows the effective or integrated thermal conduc- 
tivity of gaseous par’ hydrogen. At higher temperatures, the ther 
mal conductivity was approximately 172 greater than that for 
gaseous hydrogen. At lower temperatures, the deviation was ap~ 

P roxima te ly §01 , Mo fai lures were apparent in the insulation, 
and based on other tests, we expect the heat transfer by radiation 
through the opacified fiberglass to he negligible in this temper- 
ature range (when compare d wi th conduc ti on thro ugh hy drogen gas ) » 


The only known anomaly in the insulation system was the excessive 
compression of the fiberglass filler material, Because of this 
compression, approximately 102 of the cell on the facesheet side 
was not filled. 
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• A- 8 $80- J I Dome Cycling Test Specimen 


The -35Q-II insulation system is shewn installed in the aluminum 
dome in Fig, A-8, The dome was tested with liquid hydrogen and 
was pressurized to 45 psig five times without the heater installed 
Each time the thermo couples on the exterior side of the dome in- 
dicated a colder temperature. It is normal for the temperature to 
drop when pressure increases, since liquid is forced through the 
capillary opening and has a cooling effect until it is vaporized; 
the temperature will then recover until a steady-state condition 
is again achieved. However, in this test, the temperature did not 
recover significantly. The test was terminated and the fixture 
was allowed to come to ambient temperature. 


After the test, we found that the dome specimen had partially de~ 
bonded on the outer edges between the core and dome. Since the 
low-^r dome is removable, there is a gap where liquid hydrogen can 
contact the bond between the dome and the core, Ite bonding appar- 
ently began around the edges and propagated toward the apex of the 
dome , 


Later test results indicated that the dome failure may have been 
due to incomplete curing of the RTV-156 adhesive, A relatively 
thick layer of adhesive was used to bond the core to the aluminum. 
The thickness of the adhesive and the enclosed lot ation of the bond 
area may have prevented the exposure to air required for curing, 
Since curing RTV-I58 for such interior bonds presents a problem, 
this adhesive was eliminated for the core/alummum bond. 


APPENDIX B 


FABRICATION PROCESS SPECIFICATION 



The following process plan describes the steps required to fabri- 
cate insulation panels for tanks with simple and compound curva- 
ture. Type A panels are rectilinear-core panels for insulating 
sections with simple curvature (cylindrical or barrel sections 
of a tank) . Type B panels are ring-segment panels with a radi- 
ating-core-ribbon pattern for insulating sections with compound 
curvature (domes or a transition between a dome and cylinder) . 

The special tools required for fabrication are listed in Table 
B-l. The "X" in the tool number refers to the designation of the 
specific panel for which the tool is designed. Panel and tool 
dimensions would be specified on the detailed panel drawing. 


Table B-l Fabrication Tooling 


Tool No. 

Description 

TXD1 

Drill Template 

TX02* 

Short Strip Trim Template 

THD3 

Print Stencil 

TX04 

Stacking Press 

TX05 

Outline Trim Template 

TX06 

Assembly Tool (Assembly Sake/Vacuum Box) 

TX10 

Dimpling Vacuum Box 

TX12 

Contour Form 

TX14 

Vacuum Box Lid (Carrier Frame) 

TX15 

Transfer Sheet (Rubber or Polyethylene) 

TX16 

Expansion Tool 

TY17 + 

Filler Plug Die Sets 

TY18 

Filler Plug Insertion Tool 

T001 

Dimple Depth Tool 

— i 

* 

This tool is used only for panels that have both short and 
long core ribbons. 

^The "Y” corresponds to the filler plug iesignation, which ©ay 
not correspond to the designation of the panel(s) in which it 
is used. 





INTERNAL INSULATION bi'STEN PROCESS PLAN 



DATE (REV. )_ 

5-S-22. 




S/A ID ENT. 


STEP 5 

SHEET 1 

of 2 


SUBSTEP 






INTERNA! INSULATION SYSTEM PROCESS PLAN 


DATE ) 5 ~ 9 ~ 72 
S/A Tr > c .. . 











INTERNAL INSULATION SYSTEM PROCESS PLAN 

S-9-72 

DATE (REV . ) 

S/A ID ENT . STE P 10 SHEE T 1 of 1 

] 


SUBSTEP 


OPERATION 







INTERNAL INSULATION SYSTEM PROCESS PLAN 






















INTERNAL INSULATION SYSTEM PROCESS PUN 


DATE ( REV . ) 5-9-72 

S/A IDENT. 






INTERNAL INSULATION SYS'. EM PROCESS PLAN 


DATE ( REV . ) 5-9-72 

S/A IDENT. 










DATE f REV . ) 5-9-72 

S/A IDENT. 


INTERNAL INSULATION SYSTEM PROCESS PLAN 


STEP 30 SHEET 1 of 1 


SUBSTEP 

OPERATION 




Tools and special equipment require' 1 for this step are the dim- 


pTing fleeter ^“thermocouple readout device, vat lab le power “trains- 












| 

a. 





| 

b. 



vacuum metering gage. Evacuate the vacuum box to betweeu 0.32 | 





c. 

Measure the temperature bF the dimpling heater with the thermo- 


couple readout '’rvice held 2 In. In front of the heater. When 


the temperature reaches the 590-620°F range, swing the heater 


back and forth over the facesheet until the speciFied minimum 


dimple depthl is achieved. This requires approximately 1 minute. 



d. 

After the assembly has cooled to room temperature, break the sys- 


tern back to ambient pressure and remove the lid of the vacuum 


box. 



e. 





dimples are less t^an the required depth , repeat substeps c and 


d. 



mm 


BE 

to Step 35. 











— 


■ 







*A hand-held heater may be used for panels with unusual curvature. 




tThe minimum dimple depth will vary, depending on cell si £«. 









\mmm 
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INTERNAL INSULATION S"STEM PROCESS PLAN 


DATE (kEV . 1 5-9-7? 

S/A IDB.T. 


SHEET 1 of 1 







INTERNAL INSULATION SYSTEM PROCESS PUN 


DATS (REV. )_ 

S/A IDENT. 


5 - 9-72 


SHEET 1 of 1 










DATE (REV )_ 
S/A IDENT. 


SUBSTEP 


5-9-72 



INTERNAL INSULATION SYSTEM PROCESS PLAN 


OPERATION 


1 1 
SHEET of 



Clean the o 


with trichloroethylene. Shake off the excess liquid and allow 


Positio n a p anel on the contour form (TX12) with the facesheet 
against the core. 


Install the filler plugs us ing ~tEe~ 


1/2-in . -thi ck plugs are insert ed into each cell* 


that the outermost surface of the 


filler plug in each cell is 


below the outside edge of the core* Adjust any plugs as re- 


quired . 


Place the panel in the humidity room (minimum 40% 


th e primer to cure for a minimum of 3 hr 


and allow 


After the primer has cured, visually inspect the assembly to 


verify that each filler plug is bonded in place between 1/32 and 


1/16 in* below the ed 


depressed too ouch or too little and brush on primer to cement 




Place the complet'd assembly in a storage bos or box. The com- 


pleted panel is n ow r ea dy for installation on the test tank* 





















APPENDIX C 


PANEL INSPECTION RECORD 
AND QUALITY CONTROL CRITERIA 


PANEL INSPECTION RECORD 


PANEL ID 


A. 

CORE FABRICATION 




1. 

Verify ID marked on Core 


Wrinkles 


2. 

Node Bonds in Tolerance 

7. 

Ribbon Tears 


3. 

Short Node Bonds 




4. 

Skips in Node Bonds 


FOR bit? 30 


5. 

Bond Line Thickness 

1 

Date 


6. 

Ribbons Tears 



7. 

Ribbon Pattern 

D. 

DIMPLING 


8. 

Trim Outline in Tolerance 

1. 

Verify Dimpling Parameters 


9. 

Trim Finish 

2. 

Dimple Depth 


10. 

End Trim in Tolerance 

3. 

Dimple Into Corners 


11. 

Ribbon Alignment 

4. 

Holes in Facesheet 


OK 

FOR STEPS 10 & 15 

OK 

FOR STEPS 35 & 40 


By 

Date 

By 

Date 


_J 

L 

b. 

PRIMING 

E . 

PERFORATING & TRIMMING 


1. 

Core Priming 

1. 

Hole Size 


2. 

Facesheet Priming 

2. 

Hole Uniformity 


3. 

Facesheet Identified 


a. Hole Shape 



i 


b . Tearing 





c. All Cells Perforated 




3. 

Trim 



| 


a. Damage to Perimeter 





Bond 





b . (h'ertrim 





e. Under trim 


OK 

FOR STEP 25 

OK 

FOR STEP 45 


By 

Date 

By 

Date 


1 - 

_ . 

c. 

FACE SHEET ASSEMBLY 

F. 

FINAL INSPECTION 


1. 

Bond/Primer Integrity 

1. 

Filler Plug Installation 


2. 

Bond Line Width 

2. 

Back Side Priming 


3. 

Bond Line Skips 

3. 

Overall Appearance 


4. 

Voids at Core Node 

PANEL READY FOR INSTALLATION 


5. 

Cell Distortion 

By 

Date 




1 1 
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qc CRITERIA FOR I NT ERNAL INSULATION 


A. CCRE FABRICATION 


1. The Panel ID number on the core oust be clearly legible , and be narked on the aide of core at one corner. 

2. The width of node bond lines must be in accordance with the fabrication drawing, to within '1/16 in. 

3. Mode bonds roust b«a complete to within 0.005 in. of the ribbon edge on both sides. 

4. Mode bonds must be free of voids that traverse more than 1/4 the vid;h of the bond line. 

5. The thickness of the bond line roust be neasured at a minimum of four places on both sides of core assembly . 
Record the minimus and maximum bond thickness (obtained by subtracting the thickness of two ribbons). 

6. Ribbon tears - Core ribbons must be free of tears on both sides. 

7. The ribbon pattern (order of assembly) must be in accordance with the fabrication drawing. 

8. The trim outline (for contoured panels) must be in accordance with the master drawing within ±1/32 In. at 
all places. 

9. Trimmed core surfaces must be smooth and free of discontinuities in excess of 0.005 in. 

10. End node bonds must be trimmed in accordance with the panel drawing to within ±1/32 in. 

11. Edges of adjacent core ribbons must not mismatch in alignment by more than 0.005 in. on both sides. 

3. PRI.GMG 

1. Core Priming 

a. Verify that the proper cure cycle has been coapleted. 

b. Verify by visual inspection that primer has been applied to ail of the core surface to within 1/4 in. 
of the edge of the facesheet. 

2 . Facesheet Priming 

a. Verify by visual inspection that primer has been applied to both sides of the Teflon facesheet. 

b. Verify that the proper cure cycle has been completed. 

3. ID - If not present al reedy , apply a panel Identification number to the corner of the facesheet using a 
black felt-tip marker. 

C. FACESHEET ASSEMBLY 

1. Verify the Integrity of the primer and adhesive bond by falling a short portion of the bond (approxi 
mately 1/4 in.) at each of the untrimaed corner tabs. 

2. Inspect the width of the bond lines at the facesheet. If the bond width is less than 0.020 in., leak- 
check the affected cells to ensure that the bond is complete. If the width exceeds 0.200 in., inspect 
further to determine whether a satisfactory dlrple will be obtained. 

3. Discontinuities or tklps in bond lines on either side of the core ribbon are unacceptable. 

4. Inspect the core node bonds for voids in the bond lines. 

5* Perimeter cells shall not be distorted beyond limits as indicated by gages. Internal cells shall not 
be distorted so as to cause straight cell walls. 

6. Wrinkling of the facesheet shall not cause leakage between cells. 

7. The core ribbons shall not be torn. 
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D. DIMPLING 


1. Verify that the dimpling temperature and pressure parameters recorded on the process record sheet are 
in accordttkce with current procedure and properly signed off by the operator. 

2. “^asure the depth of the di^>le for at least 20 cells, including cells adjacent to all edges. 90Z of 
the cells so measured must have a minimum dimple depth of 5/32 in. No cell shall have a dimple depth 
leas than 1/8 in. ( Note - These criteria are for cells approximately 2 in. high by 1.75 in. wine 
and 1 in. in panel thickness.) 

3. Verify by visual inspection that the dimple extends well into the corners of each cell. 

4. Inspect the entire facesheet to verify that there are no holes. 


E. PERFORATING AND TRIMMING 


1* Measure the size of at least 20 holes in the facesheet. Each hole must be between 0.025 and 0.045 in. 
in diameter. 

2. Visually Inspect the entire facesheet to verify — 

a. that the holes are round, to the extent, that the maximum and minimum dimensions are within the 
tolerances specified in (1) above. 

b. that the holes and facesheet are free of tears. 

c. that all cells have been perforated. 

3. Inspect the entire perimeter to verify that — 

a. the facesheet-to-core bond is Intact. 

b. adhesive is not completely removed, at any point, from the outside of the core ribbons. 

c. the maximum amount of facesheet and adhesive remaining beyond the core ribbon does not exceed 
1/32 in. 


F. FINAL INSPECTION 


1. Inspect the panel on both sides to verify that all filler plugs are installed properly, and that — 

a. no gaps or cocked plugs are visible. 

b. all filler plug? are depressed between 1/32 and 1/8 in. below the back of the core, and that no 
filler material extends across any cell wall. 

2. Verify that the primer has been applied uniformly to the back side of the panel. 

3. Perform an overall inspection to detect any defects that may be visible and to verify that the panel has 
an acceptable appearance. 
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